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ABSTRACT
Differential gene expression in response to internal and external stimuli is studied in
detail to understand the intricate mechanisms underlying response to various environmental
stressors in microorganisms. MarR family transcriptional regulators have been studied for their
involvement in such mechanisms. This work elucidates the mechanism of urate-induced
attenuation of DNA binding of HucR, a MarR homolog, and extends this mechanism to describe
a novel subfamily of MarR homologs responsive to urate, proposing a physiological relevance of
utilizing urate as a signaling molecule.
HucR (hypothetical urate regulator) binds to the shared promoter region between uricase
and hucR genes. It has high specificity for urate in attenuation of DNA binding. The ligandbinding site in HucR was identified using molecular-dynamics guided mutational analysis,
leading to a proposed mechanism for the attenuation of DNA binding upon interaction of urate.
According to this model, urate is anchored in the binding pocket by W20 and R80 while a
charge-repulsion displaces D73, which propagates the conformational change to the DNA
recognition helix.
A possible extension of this mechanism to other MarR homologs was examined through
homology search where a number of MarR homologs were identified as conserving the residues
involved in urate binding. Further, they show high sequence identity in helix-3, which includes
the conserved aspartic acid residue and in the DNA recognition helix, a sequence conservation
that correlates to the conservation of bases in their proposed 18 bp consensus dyadic-binding site.
To further investigate this phenomenon, Agrobacterium tumefaciens-encoded PecS, which
conserves these residues, was studied in detail. PecS binds to the shared promoter region
between the genes pecS and pecM while urate attenuates DNA binding in vitro and elevates the
transcript levels in vivo. This study thus identifies a novel subfamily of MarR family
transcription factors that bind urate and proposes a novel signalling function of urate, wherein
invading bacteria utilize urate produced by the host to promote successful host colonization.

viii

CHAPTER 1
INTRODUCTION
Bacteria and archaea have developed a number of efficient gene regulatory mechanisms
through evolution to guide differential gene expression in response to internal and external
stimuli. Prototypically identified from Escherichia coli, MarR (multiple antibiotic resistance
regulator) family proteins have been identified as major transcriptional regulators that modulate
the expression of genes responsible for a wide variety of biological pathways including
metabolic pathways, oxidative stress response, pathogenicity, and degradation of harmful
chemicals such as phenolic compounds, antibiotics, and common household detergents [1-5].
MarR homologs are identified and annotated in genome databases by using sequence homology
to known MarR proteins (Pfam: PF01047) [6]. There are over 12000 MarR-like proteins
annotated as encoded by bacteria and archaea to date, amongst which around 100 have been
studied for their vital physiological role. There have been a number of MarR homologs identified
to be gene repressors and some to be activators. Depending on the DNA binding dynamics, there
are MarR homologs which can do both functions in an organism.
Although the regulatory pathways and physiological manifestations caused by these
proteins have been studied extensively for nearly 20 years, the molecular mechanisms of how
these proteins interact with their cognate DNA and how derepression occurs due to external
stimuli is largely understood after solving the structures of several homologs. Since solving the
canonical MarR crystal structure by Alekshun et al. in 2001 [7], there are around 55 crystal
structures solved to date. MarR structures have been solved in their native or mutant forms, with
their cognate DNA or ligand, and some in their altered states after oxidation of specific Cys
residues. There are two crystal structures of MarR homologs with their cognate DNA bound to
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them, one in its oxidized form, and five of them co-crystallized with small molecule ligands
providing clues to understanding their molecular mechanisms. Although current knowledge does
not support a common mechanism for attenuation of DNA binding by MarR homologs in
response to external stimuli, such mechanisms may exist within sub families of MarR homologs
categorized by the existence of common ligands.
This dissertation presents work carried out in order to investigate the ligand specificity
and to identify the mechanism of urate induced attenuation of DNA binding by the Deinococcus
radiodurans encoded HucR. Further, this study extends this mechanism to a specific subset of
MarR homologs and describes a novel subfamily of urate responsive transcriptional regulators,
UrtR.
Transcriptional Regulation by MarR Proteins
The involvement of the mar locus in multiple antibiotic resistance phenotypes in a
number of microorganisms has been studied extensively due to clinical significance, as many
MarR homologs have been characterized as regulators of multidrug extrusion pumps [8-14]. E.
coli MarR binds to the intergenic region between marC and marRAB at two palindromic
sequences on the same face of DNA, obstructing the -10 and -35 promoter elements (Figure 1.1)
[15]. This mode of binding would hinder the recruitment of RNA polymerase complex, hence
repressing the transcription of both marC and marR genes. Divergent orientation of marR from
potential genes under regulation is commonly found in bacteria, but different gene orientations
have also been described. Auto-regulation of marR in divergent gene orientations has been
described in several in vivo studies [1, 16]. E. coli MarR acts as a model for many other MarR
homologs, which function as gene repressors. It has been further suggested that the repressor
function may occur by competing away an activator of transcription [4]. When the homolog
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binds a region upstream of a promoter, it was suggested to act as an activator by stabilizing the
RNA polymerase complex or by competing away a repressor [17-21]. Although MarR family
transcriptional regulators are a diverse group of proteins at the sequence level, they share a
common structural scaffold and a similar mode of DNA association. Thus the mechanism of
being an activator or a repressor is dependent on the position of binding relative to a promoter
sequence [20]. For example, Streptomyces coelicolor OhrR acts as a repressor as well as an
activator by binding to the same operator region between ohrR and ohrA [17]. The reduced form
of scOhrR binds cooperatively to the intergenic operator sequence covering the -10 and -35
promoter elements hindering the recruitment of RNA polymerase complex. Upon oxidation
scOhrR binds loosely towards ohrA (-35) promoting RNA polymerase recruitment to the
divergent ohrR gene, thus acting as an activator of ohrR transcription.

Figure 1.1 Multiple antibiotic resistance locus of E. coli. MarR binds at two palindromic
sequences in the intergenic region between marRAB and marC repressing their expression.
In silico studies show that D. radiodurans HucR does not contain secondary binding sites
in its genome other than the palindromic sequence found at the intergenic region between hucR
and uricase genes. But MarR family transcriptional regulators were reported to bind promoter
regions of distal genes, expanding their regulon. As described below, the binding sequences of
MarR homologs can be degenerate in a genome allowing it to associate with a number of
regulatory elements [22]. DNA binding affinity and the binding locus relative to the promoter
elements may differ in different binding sites allowing a single MarR homolog to regulate
different genes at varying levels.
3

Dickeya dadantii encoded PecS is studied extensively for its global regulation of
virulence in host colonization. It was initially described as a regulator of pectinase genes (hence
the annotation) and indigoidine biosynthesis genes [23-25]. A recent study describes the PecS
regulon, which contains a number of virulence related genes as well as oxidative stress related
genes that are important for infectivity [26]. This regulation is further complicated by having
potential PecS binding sites at the promoters of other transcriptional regulators suggesting that
MarR homologs can synergistically act with other transcriptional regulators in complex gene
regulatory pathways.
Structure of MarR Family Transcriptional Regulators
MarR homologs are homodimeric proteins which generally assume a triangular shape
with pseudo-two-fold symmetry (Figure 1.2) [7, 27]. They are generally small, 120 - 200 amino
acid long proteins which share a common architecture [7]. Although, Liu et al. reports that
Thermoplasma volcanium MLPTv, a structural homolog of MarR-like proteins, exists primarily
as a monomer in solution [28] all other reported MarR homologs exist as a dimer. MarR family
members generally consist of six α-helices and three β-strands assuming an α1- α2- β1- α3- α4β2- β3- α5- α6 topology (Figure 1.2). An additional N-terminal helix is found in a subset of
MarR homologs including D. radiodurans HucR and Dickeya dadantii PecS. MarR homologs
contain a characteristic winged helix DNA binding domain, an inter-subunit dimerization domain
and single or multiple effector associating sites which bind or get modified by an external
stimulus.
In MarR structures, the N- and C-terminal helices interdigitate to dimerize via a compact
inter-subunit hydrophobic core consisting of mainly hydrophobic residues and intermolecular
hydrogen bonds [7, 29]. The dimerization domain dictates the distance between the DNA
recognition helices, thus indirectly affecting the affinity of the protein binding to its cognate
DNA. Mutations in the dimer interface of a number of MarR homologs show a lowered DNA
4

Figure 1.2 General architecture of MarR homologs. A. Sequence alignment of selected MarR
homologs. B. crystal structure of M. thermoautotrophicum MTH313 depicts the general MarR
scaffold. Structural elements are color coded with reference to the crystal structure of E. coli
MarR except for α1′. The additional N-terminal α1′ helix is only present in a subset of MarR
homologs.
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binding affinity upon incurring changes to the dimer interface. Although, due to the flexibility,
the wing fold of the DNA binding domain is not refined well in most crystal structures (high
temperature factors), it is generally well resolved when the protein is cocrystallized with the
cognate DNA or when it aids in crystal packing.
Crystal structures reveal that each monomeric half contains a winged helix-turn-helix
(wHTH) motif as a DNA binding domain which is characteristic of MarR homologs [7]. wHTH
has been identified as a variant of the common DNA binding domain helix-turn-helix where it is
found among a number of protein families encoded by all three domains of life as well as in
viruses, and most of them are identified as transcriptional regulators [30-33]. The core of the
domain consists of three α-helices (α1, α2 and α3) where α2 and α3 helices make the helix-turnhelix portion; hence they belong to the clan HTH (CL0123). The wing consists of two
antiparallel beta sheets (β2 and β3) which is stabilized in part by a short beta strand (β1) which
creates a three-stranded beta sheet.
DNA Binding Dynamics of MarR Homologs
Biochemical data strengthened by crystal structures show that the recognition helix of the
DNA binding domain of MarR homologs, helix 3, contacts the DNA major groove while a Cterminal extension folds into a wing of a two-stranded (β2 and β3) antiparallel beta sheet which
falls in the adjacent minor groove (Figure 1.3AB). This binding mode generally does not render
major conformational distortions in DNA. One exception is ExpG whose binding to its promoter
region shows curvature in the operator DNA under atomic force microscopy [34]. Although, the
proximal placement of the cognate sequence may have increased the flexibility of DNA to render
a pronounced bend. In the OhrR-ohrA co-crystal structure, the operator DNA is bent by ~10°
and undertwisted by 1.4° [35]. In rare occasions the opposite of this binding mode has also been
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reported with wHTH motifs, where in hRFX1, the DNA recognition is carried out by the wing
motif, which makes contact with the DNA major groove while the canonical recognition helix
makes contact with the minor groove; such mode of binding has not been reported from a MarR
homolog to date [36].

Figure 1.3 MarR-DNA interaction. A. MarR homolog (1Z9C) interacts with its cognate DNA
(ventral view). The recognition helix (bronze) interacts with consecutive major grooves while the
wing (W: Blue) interact with adjacent minor grooves. B. Topology of the wHTH domain of
MarR family transcriptional regulators. Color coding follows the panel A while N and C denote
the amino and carboxyl termini of the fold.
The wing fold is vital for the wHTH domain’s DNA interaction where several mutational
studies show that the terminally positioned positively charged residues are important for its
association with the cognate DNA. Some multidrug resistant clinical isolates of E. coli are due to
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a C-terminal truncation in MarR, which reduces the binding affinity to the operator sequence of
multidrug efflux pumps [37]. Mutation of Arg94 at the tip of the wing fold to Cys abolishes the
repressor function of E. coli MarR while mutation of positively charged amino acids in the wing
fold abolishes DNA binding of ST1710 [29, 38]. On the other hand the manipulation of the wing
was also found to increase the DNA binding affinity in E. coli MarR where the G95S super
repressor increases its DNA binding affinity up to 30 fold in vitro [39]. The wing was found to
mediate protein-protein contacts in the eukaryotic heat shock transcription factor [40]; such
contacts may also occur in MarR homologs, as discussed below.
Numerous biochemical studies show that MarR proteins associate with a single dyadic
sequence as a dimer [15, 27]. These sequences may consist of 16-20 bp inverted repeats which
may or may not be completely palindromic. These sequences can overlap the promoter elements
of a gene where mutations in the -10 region were attributed to the lowered binding of MexR and
MarR [15, 41]. MarR homologs may bind as a single dimer to an operator or they may associate
as multiple dimers at multiple dyadic sequences on the same operator [17]. D. radiodurans HucR
is an example for single dimer association with an operator sequence [16]. DNase 1 foot print
analysis of Sulfolobus solfataricus BldR bound to operator sequence of Sso2536 gene shows
protection over ~40 bp, indicating that there is more than one homolog associating with the
operator [2]. Further, in footprint analysis of D. dadantii PecS binding to different operator
sequences of its regulon shows varying spans of protection from 20 bp to 100 bp, suggesting that
PecS may associate as single or multiple dimers at different operators [26]. Although they are
known to be sequence specific in their binding, MarR homologs are capable of associating with
degenerate sequences carrying certain dyadic signatures [22].
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The spacing between the two halves of the palindrome places the centers of each half-site
at two consecutive major grooves, thus the spacing between the two DNA binding domains,
determined by the dimer formation in MarR homologs, plays a role in a homolog’s affinity to its
cognate DNA. C-terminal deletions in MarR homologs have been shown to decrease their ability
to form dimers, which correlates to their attenuated DNA binding affinity and elevated multiple
antibiotic resistant phenotype in E. coli [37, 42]. In D. radiodurans HucR, it was proposed that
the protonation of His residues at the pivot point of two helices that connect the two monomers
could result in the lowered DNA binding affinity at low pH [43]. If the two DNA recognition
helices arising from the dimer are spaced ~34 Å, the protein may associate with cognate B-DNA
without major conformational rearrangements and would be energetically favorable. In this
regard, HucR, having 29 Å between the DNA recognition helices, can be easily modeled in silico
onto B-DNA while MexR is incompatible to bind consecutive major grooves in its closed
conformation having 23 Å spacing between the recognition helices.
The two co-crystal structures of cognate DNA bound OhrR of the bacterium Bacillus
subtilis and ST1710 of the archaeon Sulfolobus tokodaii provides insight to how MarR homologs
associate with DNA [35, 38]. With a mutation of C15S to prevent oxidation, the co-crystal
structure of OhrR-ohrA was refined to a resolution of 2.50 Å resolution (R = 21.5% and Rfree =
27.9%) while the ST1710-DNA complex was refined to 2.10 Å resolution (R = 23.7% and Rfree =
28.7%) [35, 38]. OhrR was co-crystallized with 29 bp of its operator DNA which encompasses
the -10 region of its promoter. As mentioned above, the association of OhrR results in a mild
distortion in DNA which results in a 3.5 Å shortening of the binding site, but still conforms to Bform. Further, the insertion of the binding helix widens the major groove by 5.5 Å. Although the
DNA recognition residues between OhrR and ST1710 are conserved, compared to OhrR-ohrA,
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ST1710 binds without causing major conformational changes in its cognate DNA. But a
substantial unequal conformational change between the two subunits occurs in the protein in
order to facilitate DNA binding, demonstrating the conformational flexibility of MarR homologs.
One of the subunits of ST1710 translocates 13 Å in order to reorient itself on DNA, while the
DNA recognition helix is elevated in one subunit and helix 6 (α6) is lowered in the other.
In the OhrR-ohrA co-crystal structure, the wing fold plays a major role in contacting
cognate DNA. It is longer than in most prokaryotic wHTH domains and resembles more the
wing fold of eukaryotic proteins [36, 44]. The wing spans over 67 Å where the tip of it is
inserted in the minor groove creating a local overtwisting of around 7°. The wing and recognition
helices contact DNA directly or through water-mediated hydrogen bonding. The recognition
helices bind to two consecutive major grooves with minimum contacts where the N-termini of
the helices point towards the base of the groove. Besides the main DNA contacts to the
recognition helix and the wing, the positive dipole of helix 3 and helix-helix motif extended
through the dyadic plane of OhrR consisting of helices α1 and α2 also contribute to DNA
binding by contacting the phosphate backbone.
Previously observed multiple MarR homolog association with cognate DNA may also be
mediated through the wing fold. Cooperative DNA binding by MarR homologs may also be
explained through the lateral association of adjacent proteins through their DNA binding domain
since the topology of the protein may not favor contacts through other parts without major
distortions in the bound DNA. When binding sites are separated by ~10 bp the proteins may bind
DNA in tandem order on the same face of DNA [15]. Mutations in the C-terminal helix 5,
extending from the wing motif, was also found to affect the DNA binding affinity of MarR. The
mutations were specifically located facing the H1 of wHTH domain, which may cause a global
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conformational change in the DNA binding domain [29]. This finding further suggests that subtle
local conformational changes can modulate DNA binding affinity of a MarR homolog.
Mechanism of Ligand Responsive Derepression
E. coli MarR has been studied extensively for its gene regulation in response to various
small molecules. Early studies have shown that MarR binds salicylate and a multiple antibiotic
resistance-phenotype in E. coli is induced by salicylate [15, 45]. Following this observation,
most of the latter work has looked at the effect of salicylate on other MarR homologs, though a
direct physiological relevance was not established. It was also shown that E. coli demonstrates
the multiple antibiotic resistance-phenotype upon exposure to a number of non-related
compounds containing aromatic rings [1, 46].
The structure of the canonical E. coli MarR was solved in 2001 by Alekshun et al. with
the proposed aromatic ligand salicylate (PDB ID: 1JGS) [7]. Although the co-crystallization of
salicylate was debated in later literature to be an artifact of using high concentrations of
salicylate that facilitated crystal packing, this work lead to a number of subsequent co-crystal
structures of MarR homologs with salicylate; Methanobacterium thermoautotrophicum MTH313,
Salmonella typhimurium SlyA, Sulfolobus tokodaii ST1710 (PDB IDs: 3BPX, 3DEU, and 3GF2
respectively), and Staphylococcus epidermidis TcaR [38, 47-49]. All these structures show a
common salicylate associating region between the DNA binding domain and the dimerization
domain in each subunit (Figure 1.4).
Salicylate was shown to associate with MarR homologs and to attenuate DNA binding at
considerably high concentrations (20 mM), questioning its biological relevance as a ligand for
most MarR homologs [47]. Most MarR homologs have low affinity to proposed ligands where in
vitro attenuation of DNA binding as well as in vivo modulation of the genes under their
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Figure 1.4 General ligand association region of MarR homologs. Frontal view in the middle is
rotated 90° to get bottom view (left) and side view (right). The two monomers are colored in pale
cyan and wheat while the DNA recognition helix and wing fold are colored green. Red space
filling molecules are in two of the identified ligand binding sites. Figures are generated with the
crystal structure of M. thermoautotrophicum MTH313 (PDB ID: 3BPX).
regulation were seen with high concentrations of ligand. For example, the holo-structure of
archaeal ST1710 shows only a slight deviation in the wing fold compared to the apo-structure
(Figure 1.5) while high salicylate concentrations were needed to attenuate DNA binding. DNA
binding affinity of ST1710 was observed to be higher at elevated temperatures as the natural
temperature for the growth of S. tokodaii is 80 °C [50]. The mechanism of attenuation of DNA
binding may also differ under physiological conditions. The ST1710-salicylate dissociation
constant is ~20 mM, but attenuation of DNA binding was not observed up to 200-250 mM
salicylate concentrations [38]. Paired with low responsiveness to salicylate, this may suggest
either salicylate is not the natural ligand for ST1710 or since the protein goes through
conformational rearrangement in order to be compatible with DNA binding, binding of salicylate
stabilizes the protein in a closed-conformation restricting its association with DNA. Having a
pKa of 2.97 [51], deprotonated salicylate under physiological conditions may also interact with
MarR homologs nonspecifically to equalize charges. This may be the reasoning behind
association of salicylate with highly solvent exposed areas as well as facilitation of crystal
packing observed in E. coli MarR, S. typhimurium SlyA, and ST1710. Carrying an aromatic ring
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Figure 1.5 Conformational changes incurred by ligand interaction with MarR homologs.
Superimposed Apo (light blue) and ligand bound (dark blue) structures of (A) MTH313salicylate (B) ST1710-salicylate (C) TcaR-salicylate and (D) TcaR-Ampicillin.
13

would allow salicylate to be drawn into the mostly hydrophobic common binding pocket in SlyA
and ST1710.
M. thermoautotrophicum MTH313 assumes the general MarR scaffold in its crystal
structure. The salicylate binding pocket was identified between the dimer interface and the DNA
binding lobe as seen in SlyA and ST1710. The identified binding pocket consists of a number of
basic amino acids suggesting that MTH313 may associate with diverse ligands. Compared to the
ST1710 salicylate binding site, MTH313 contains asymmetric binding sites (Figure 1.5). One
monomer contains a deep salicylate binding pocket at the interface between DNA binding
domain and the dimerization domain while other monomer contains a shallow binding site 5 Å
away from the symmetrical site. Overlay of apo and salicylate bound structures suggests that
only the deep binding site is biologically relevant as its occupancy imparts conformational
changes in which the DNA recognition helix is pushed away from its position in the apo
structure and rotated 5 Å making it incompatible for DNA binding.
Initially described as a regulator of the teicoplanin-associated locus, TcaR was
subsequently found to regulate a number of distal genes where it acts as an activator for the
transcription of SarS and a repressor for ica [19, 52, 53]. Staphylococcus epidermidis-encoded
TcaR was crystallized in its native form and complexed with salicylate and four antibiotics;
ampicillin, kanamycin, methicillin, and penicillin G [49]. Crystals of ligand-bound protein were
obtained by soaking the native crystals in the mother liquor containing the appropriate ligand.
This is in contrast to attempts at crystal soaking to obtain the cocrystal structure of HucR-urate,
which failed due to cracking of crystals, suggesting a large conformational change [43]. Further,
attempts to soak out salicylate from MarR-salicylate cocrystals resulted in a disordering of
diffraction [7].
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Eight salicylate molecules were traced in the cocrystal structure of TcaR [49]. Of these,
two salicylate molecules (Sal 1 and 6 annotated according to Chang et al., 2010 [49]) were found
in the deep binding pocket corresponding to that described for MTH313, while two were found
in the more shallow binding pocket (Sal 5 and 7) in each monomer. Contrasting to the MTH313salicylate structure, salicylate was found to occupy all 4 symmetry related sites in TcaR. It would
be interesting to assess the cooperativity of salicylate binding with TcaR in such a mode of
occupancy. Unlike salicylate, the above mentioned antibiotics interact with the protein at only
two sites each. One site is near the DNA recognition helix, which is highly solvent-exposed. The
other site overlaps with the proposed shallow binding site. Notably, the drugs bind at only a
single symmetry-related binding pocket of the two, which may be due to negative cooperativity
of binding. Compared to the native structure, salicylate and other antibiotic-bound structures
show conformational alterations in the wHTH domain but less change in the dimerization
domain. The distances between the DNA recognition helices have not changed significantly
compared to the native crystal structure. Measuring the distance between Cα of Lys65 to Cα of
Lys65′ of the other monomer of the native structure reveals 24.7 Å distance between the two
binding helices, which suggests that TcaR is not preconfigured for DNA binding. Compared to
that, TcaR- ampicillin, TcaR-kanamycin, TcaR-methicillin, and TcaR-penicillin G show 22.5 Å,
22.0 Å, 21.1 Å, and 26.4 Å distances between the above mentioned Lys residues respectively
(PDB coordinates were kindly provided by Yu-Ming Chang). In the energy minimized model of
TcaR-DNA structure, the authors report that the distance between the two Lys residues is 31.2 Å,
suggesting a conformational alteration required for binding DNA. This conformational change
may be restrained after associating with the ligands making drug-bound TcaR incompatible for
DNA binding.
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Salicylate binding to MTH313 and E. coli MarR, urate binding to HucR, and several
other ligand interactions with MarR homologs show negative cooperativity in binding [47, 54].
A single physiologically relevant binding site being filled in a symmetric MTH313 structure was
attributed to negative cooperativity between the sites mirrored on the two subunits where filling
of one site prevents filling of the other. Negative cooperativity in HucR-urate interaction was
also attributed to a communication between binding sites of the two monomers [54]. Different
ligands binding to EmrR was investigated through equilibrium dialysis, which reveals a
relatively high affinity to three ligands (2-50 µM) and a stoichiometry of binding of 1:1 [55]. It
can be inferred that this finding is a result of only single site occupancy due to negative
cooperativity between the two proposed sites. Negative cooperativity in ligand binding may
allow the MarR homolog to be responsive to a wider range of ligand concentrations [56].
A different mode of regulation is exemplified by MexR. Efficient efflux mechanisms
render the opportunistic human pathogen Pseudomonas aeruginosa resistant to a wide variety of
antibiotics [9]. Although there are a large number of membrane bound efflux pumps found in P.
aeruginosa, MexAB-OprM operon may be the best characterized [57]. Mutations in MexR lead
to the overexpression of the tripartite efflux pump system causing the multi drug resistant
phenotype [58, 59]. Along with MexR, which binds to two palindromic sequences in the
intergenic region, the expression of mexAB-oprM is synergistically regulated by the TetR family
proteins NalC and NalD, which regulate the production of ArmR [41]. The protein modulator
ArmR has been identified as an antirepressor of MexR, which lowers the affinity of MexR
binding to its cognate DNA [60]. A number of small molecular effectors have also been
identified as derepressors of the MexAB-OprM operon governed through MexR.
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The MexR crystal structure shows considerable flexibility within the protein (Figure 1.6)
[61]. Although the DNA binding domains do not show much flexibility within them, the dimer
interface is highly flexible. This flexibility allows the two binding domains to displace by a
maximum of 7.7 Å between the mid points of the two DNA recognition helices. This may be
partly caused by the absence of residues that make salt bridge interactions between the two DNA
binding domains as seen in MarR.

Figure 1.6 Conformational flexibility of MexR. Four different conformational states observed
are aligned and the recognition helix and the wing fold are in cartoon representation.
Out of the four conformational states observed in MexR, the conformation with 29.2 Å
spacing between the two recognition helices (between Arg 73 of each monomer) possesses the
highest probability of being able to bind DNA with least energy. The co-crystal structure of
MexR-ArmR shows that the C-terminus of ArmR is inserted through a cleft in one monomer of
MexR and extends across the dimer interface reaching the other monomer occupying both ligand
association pockets. Association of ArmR renders a global conformational change in MexR
which is pronounced in the DNA binding lobes where the recognition helices and wing folds are
displaced by 13 Å and 18 Å respectively, making the ArmR-bound MexR incompatible with
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DNA binding (Figure 1.7). Mutations in the Arg residues in the wing fold were previously
demonstrated to be important in DNA binding of MexR [62]. The displacement of the wing may
severely affect MexR-DNA binding affinity.

Figure 1.7 ArmR C-terminal fragment (red cartoon) binding to MexR renders a conformation
incompatible with DNA binding. Holo structure is in orange while the recognition helices and
wing folds of the apo structure are in light blue.
Direct interaction of oxidative agents with MarR homologs has been characterized as a
separate response pathway to oxidative stress independent of the global sensor OxyR (LysR type
transcriptional regulator) [63]. Organic peroxide sensing repressor (OhrR) has been characterized
as a repressor of the gene ohrA which encodes a thiol peroxidase that detoxifies organic
hydroperoxides [64-67]. Oxidation sensitive Cys residues in the C/N-terminal helices have been
implicated in the mechanism of conformational change in order to attenuate DNA binding in
OhrR as well as in MgrA and SarZ [68-71]. Bacillus subtilis OhrR (BsOhrR) contains a single
reactive Cys residue per monomer while Xanthomonas campestris OhrR (XcOhrR) contains two
reactive Cys residues per monomer [72, 73]. While Cys-oxidation was shown to cause
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dissociation of DNA binding in XcOhrR, S. coelicolor-OhrR shows weak affinity to its cognate
DNA, acting as an activator of ohrR expression [17, 74].
OhrR gets oxidized only by organic hydroperoxides (OHPs), but not by hydrogen
peroxide as OxyR [64, 75]. OxyR contains a more hydrophilic binding pocket to receive polar
hydrogen peroxide [76]. The crystal structure of reduced OhrR shows a solvent exposed, shallow
hydrophobic-channel leading to the reactive Cys residues, which may confer its selectivity
towards OHPs [69]. The OhrR structure further reveals a hydrophobic OHP-landing patch
conserved among its homologs. The conserved hydrophobic residues may aid long chain
nonpolar hydroperoxides to properly orient towards the reactive Cys residues in the binding site.
Although MgrA shows conservation in these residues, it reacts less selectively with both
hydrogen peroxide and OHPs [77, 78]. This was attributed to the differences in the residue
interactions surrounding the reactive Cys, such as having Ser-Cys hydrogen bonding instead of
conserved Tyr-Cys hydrogen bonding in OhrR.
Although the reactive Cys residues are around the proposed general ligand interacting site
of MarR homologs, they present a novel mechanism for attenuation of DNA binding upon
oxidation. In the OxyR structure, the redox active-Cys residues are 17.3 Å apart and creating a
disulphide-bond requires a major conformational change in the protein [76]. Similarly in OhrR,
the reactive Cys residues are 15.5 Å apart and to form a disulphide bond between them requires
major rearrangement of the protein. Although all three Cys residues per monomer are within 15
Å distance, only Cys 22 and 127 are reactive to form an intersubunit disulphide bond [73]. Upon
oxidation, helix 5 is separated into two helices connected by a loop region. This rearrangement
facilitates C127 to rotate 135° and move 8.2 Å towards the N-terminal α1 which harbors C22′
(where ′ denotes the other subunit). Such movement interchanges positions of α6 and α6′ without
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a major alteration of the dimer interface. Further, α1 extends by a single turn at the N- and Ctermini causing the DNA binding domain to rotate 28° away from the position in the reduced
form, which can be directly related to the attenuated DNA binding in the oxidized OhrR (Figure
1.8).
Iron sulfur clusters have been found in a number of redox-sensitive transcriptional
regulators [79-81]. The recent characterization of PqrR from P. aeruginosa shows that it contains
an iron sulfur cluster formed through four C-terminal Cys residues and its proper formation is
vital for the function of PqrR [82]. These Cys residues are conserved in a number of MarR
homologs suggesting that a subgroup of MarR like proteins contain a redox-sensitive iron sulfur
cluster to sense oxidative stress and the mechanism of derepression may proceed through the
same mechanism.

Figure 1.8 Conformational changes incompatible with DNA binding upon oxidation of
Xanthomonas campestris OhrR. Reduced and oxidized xcOhrR are represented in ribbon form
except the wing and the recognition helices are in cartoon representation. Disulphide bond
formation between C22 and C127 (yellow stick) is prevented by mutating C22S in the reduced
form; remaining C127 is in orange stick representation. Oxidation of reactive Cys residues
creates a major conformational change in the DNA binding domain as depicted in yellow
oxidised form and orange reduced form. Structure was rotated 90° to show the top view of the
intersubunit disulphide bond.
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Biochemical studies reinforced by structural information converge to pose models for the
mechanism of attenuation of DNA binding by external stimuli on MarR family transcriptional
regulators. Crystal structures further show a conformational plasticity in MarR homologs. MarR
homologs bind palindromic or pseudopalindromic sequences in the operator region of a gene
where their genes are commonly found divergently oriented from the gene under regulation. In
DNA binding of MarR homologs, the recognition helix (α4) associates with the major groove of
DNA while the wing makes contacts with the minor groove. The spacing between the
recognition helices is important for the proper orientation of the protein against consecutive
major grooves of DNA, and in proposed closed conformations the distance between recognition
helices deviates from the optimum spacing, preventing contact to B-DNA. Ligand interaction is
usually found in the region between the DNA binding lobe and the dimerization interface in each
monomer. Binding of ligand or oxidation of Cys residues would reorient the distance between
DNA recognition helices or the direction of DNA contacting residues of the recognition helix,
causing the protein to be incompatible for DNA binding. Although a common mechanism for
attenuation of DNA binding upon the interaction with external stimuli does not exist, subsets of
MarR homologs may follow a similar mechanism.
Oxidative Radicals and Microbial Life
Life on earth is believed to have originated in a reducing environment. Shifting to
oxidative surroundings must have presented a great selection pressure on organisms. Various
organisms have developed a number of common mechanisms to retaliate against oxidative stress,
which is generated as an inescapable consequence of an oxygen rich world.
Oxidative free radicals react with various macromolecules in a cell modifying their
structure and function. Damage to proteins and lipids can cause fatalities to a cell whereas
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modifications to the genetic material can be hereditary. Strategies to fight oxidative radicals are
two-fold; prevention of the generation of harmful oxidative radicals and secondly to scavenge or
convert them to less toxic forms. Hydrogen peroxide is produced in a number of metabolic
reactions in the cells and it is a less harmful species of oxidative agents. But the reaction of H2O2
with ferrous ions creates highly reactive hydroxyl radicals through the Fenton reaction. As a first
line of precaution, cells oxidize and store iron in separate compartments preventing them from
partaking in the Fenton reaction [83-85]. Upon sensing of oxidative stress through various
transcriptional regulators, scavenging enzymes and antioxidant production are upregulated [26,
70, 86-88]. Reactive oxygen species can be converted to less toxic forms through the action of
superoxide dismutase, catalase, ascorbate-glutathione cycle, or the glutathione peroxidase cycle
[89]. In some instances, MarR homologs have been shown to participate in oxidative stress
responses. For example, D. dadantii and a number of other plant associating bacteria produce the
antioxidant indigoidine upon sensing the oxidative burst that is a part of the plant defense [9092]. Indigoidine production has been reported to be regulated by the MarR like protein, PecS
[25]. It was found that PecS does not respond directly to oxidative free radicals. A natural ligand
for PecS has not been identified to date. Optimum regulation of urate in D. radiodurans was
described as a part of the bacterium’s extreme resistance to oxidative stress since urate is an
active scavenger of oxidative radicals [93, 94]. Urate homeostasis in D. radiodurans is regulated
through the urate responsive MarR homolog, HucR [16].
Work presented in this dissertation describes the ligand specificity of HucR. Through in
silico analysis, a urate binding pocket is described and a model for attenuation of DNA binding
by urate interaction with HucR is proposed. Searching through non redundant protein sequences
reveals that the residues described in the above mechanism are conserved in a subset of MarR
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homologs. Further the cis-regulatory elements in the operator regions of these homologs also
show conservation. To test this hypothesis, Agrobacterium tumefaciens encoded PecS was
characterized. Taken together, these results suggest a novel subfamily of urate responsive
transcriptional regulators, termed UrtR.
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CHAPTER 2
MECHANISM FOR ATTENUATION OF DNA BINDING BY MarR FAMILY
TRANSCRIPTIONAL REGULATORS BY SMALL MOLECULE LIGANDS
Introduction
Ligand responsive members of the MarR (multiple antibiotic resistance regulator) family
of transcriptional regulators control a number of biological pathways in bacteria. They are
involved in regulation of biosynthesis of virulence factors and catabolism of environmental
aromatic compounds, and many respond to antibiotics and oxidative stress [1-3]. The
prototypical member of this family, Escherichia coli MarR represses expression of the marRAB
operon, which confers resistance to a variety of aromatic compounds, including antibiotics,
organic solvents and household disinfectants [4-8]. Most MarR family repressors prevent gene
expression by sterically hindering transcription. In ligand-responsive MarR family transcriptional
regulators, derepression occurs when a conformational change in the protein, induced by
association with a small-molecule ligand, lowers its affinity for the cognate DNA, allowing
transcription to proceed (for review see Wilkinson and Grove, 2006) [3].
Biochemical and biophysical studies designed to define the ligand specificity and
conformational changes induced upon ligand binding to MarR homologs have yet to suggest a
specific ligand binding site or a mechanism by which ligand would lower affinity for the cognate
DNA [9-12]. Molecular structures of several MarR homologs are available, assisting in
elucidating the mechanistic basis of DNA and ligand interaction [13-22]. Although numerous
studies have been carried out in order to identify the natural ligands of members of this vast
family of transcriptional regulators, the mechanism of DNA binding antagonism upon ligand
interaction remains elusive as few structures have been solved both with and without ligand
bound. A recent structure of MTH313, a MarR type transcriptional regulator from
Reprinted from Journal of Molecular Biology, volume 390. © 2009, Elsevier Ltd.
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Methanobacterium thermoautotrophicum, solved both in absence of ligand and with the ligand
salicylate, provides evidence for displacement of the DNA binding helix upon ligand binding
[22], while the originally suggested salicylate binding site in E. coli MarR may have resulted
from co-crystallization with high concentrations of ligand [13]. Conformations incompatible
with DNA binding have also been reported for Pseudomonas aeruginosa MexR in complex with
its antirepressor ArmR and for oxidized Xanthomonas campestris OhrR [23, 24].
HucR (hypothetical uricase regulator), a member of the MarR family of proteins encoded
by Deinococcus radiodurans, participates in the purine degradation pathway by regulating urate
oxidase expression [25]. HucR is a dimeric protein of 39 kDa with the characteristic winged
helix domain for DNA binding. The two DNA binding domains are spatially configured to
interact readily with consecutive DNA major groves [14]. HucR binds with high affinity (Kd ~0.3
nM) to its operator sequence (hucO), which overlaps the promoter regions of the divergently
oriented HucR and urate oxidase genes (Figure 2.1A), repressing their expression. The natural
ligand for HucR is urate; both in vivo and in vitro studies have shown that urate antagonizes
HucR-hucO interaction allowing the expression of HucR and urate oxidase [25]. Urate oxidase
converts urate to the metastable 5-hydroxyisourate (5-HIU) by hydroxylation; 5-HIU is
subsequently decarboxylated and oxidized spontaneously or enzymatically to form allantoin
(Figure 2.1B) [26-28]. Notably, urate binds HucR with negative cooperativity, reflecting the
presence of more than one ligand binding site and suggesting a carefully controlled regulatory
mechanism [29]. D. radiodurans, an extremely oxidative stress-resistant microorganism [30],
would benefit from retaining optimal levels of the antioxidant urate in its cytoplasm; a tight
regulation of uricase expression is therefore required, as excess urate would be deleterious due to
its low solubility. Consistent with this interpretation, the genomic locus containing divergently
oriented HucR and urate oxidase genes is unique to D. radiodurans.

32

Figure 2.1. A. HucR binds to the operator sequence overlapping the promoters for the
divergently oriented genes encoding HucR and uricase, repressing their expression. B. Uricase
(urate oxidase) catalyzes the conversion of uric acid to 5-hydroxyisourate, which then breaks
down to allantoin either spontaneously or catalyzed by transthyretin related protein (TRP). C.
Ligands used in this study. Ligands represent intermediates in the purine degradation pathway.
There are only a few ligand-bound structures of MarR family proteins available in the
protein data bank, thus a global regulatory mechanism by members of this family has yet to be
delineated. Here we use site directed mutagenesis guided by molecular modeling to define the
urate binding site in HucR. A functional model for DNA binding antagonism upon interaction
with urate is proposed that likely applies to other MarR homologs that bind small molecule
ligands.
Experimental Procedures
Construction and Purification of Mutant Proteins
Residues predicted by in silico docking were mutated by whole plasmid-PCR
amplification using template pSW1 [25], in which the gene encoding HucR was cloned between
EcoRI and NdeI sites in the vector pET5a. W20 was replaced by phenylalanine using mutagenic
forward and reverse primers [5′- G AGC GGA TTC GGA GCG ACT TCG C / 5′- CA GAA
GGG CTG CCG TGT CGT TGT C], D73 was replaced by serine using [5′- CG GGC TGG AGC
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CTG CTG CTC A / 5′- C CGC GTT CAG CCC CGA AGC], R80 by serine with [5′-CG CTT
TAC AGC TCG GCG CCG / T GAG CAG CAG GTC CCA GCC CG], R137 by serine with [5′G CAG GGC AGC GCC CTG GT / 5′-GG CGT CAG GCG AAT ACT CGC CGA] and R106
by asparagine with [5′- ACG AGC AAC AAT ATC GTG CGG C / 5′- CGA AGG CCC GGA
AAT GGC], respectively (mutated codons in bold face). Resultant PCR products were
transformed into E. coli NovaBlue (Novagen) electro-competent cells and integrity of the
constructs confirmed by sequencing. Extracted plasmids were then transformed into E. coli
BL21(DE3)pLysS for overexpression of proteins.
All proteins were purified to >95% purity with modifications to the purification
procedure published for the purification of wild-type HucR [25]. Cells were grown in LuriaBertani (LB) media supplemented with 100 µg/ml ampicillin and 50 µg/ml chloramphenicol.
Protein was overexpressed for 1 h with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
when the cultures reached an optical density of 0.5 at 600 nm. Culture flasks were kept on ice
for 20 min before harvesting the cells by centrifugation. All subsequent steps were carried out at
4 °C. Cells were resuspended in lysis buffer (50 mM Tris-HCl (pH 8.0), 25 mM KCl, 5%
glycerol (v/v), 5 mM Na2EDTA, 0.15 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM 2mercaptoethanol) and lysed by treating with 200 µg /mL lysozyme for 1 h. Lysis was completed
with 0.05% Triton X-100 and immediate addition of 500 mM NaCl. DNA was precipitated by
slow addition of 13% Polymin P to a final concentration of 0.5% with constant stirring. After
removing precipitates by centrifugation, the protein in the supernatant was concentrated with
55% w/v (NH4)2SO4. After centrifugation at 10,000X G for 30 min, the pellet was resuspended
in 10 ml of HAP-A buffer pH 8.7 (50 mM Tris-HCl (pH 8.7), 25 mM KCl, 5% glycerol (v/v), 5
mM Na2EDTA, 0.15 mM PMSF, 10 mM 2-mercaptoethanol) and dialyzed overnight against 200
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volumes of HAP-A. After centrifuging the suspension, the supernatant was passed through
tandem DEAE and CM Sepharose columns equilibrated in buffer HAP-A. Protein in the flowthrough was then dialyzed against 200 volumes of HEP-A buffer pH 7.0 (20 mM potassium
phosphate (pH 7.0), 25 mM KCl, 5% glycerol (v/v), 5 mM Na2EDTA, 0.15 mM PMSF, 10 mM
2-mercaptoethanol) for four hours before passing through a hydroxylapatite column. The flowthrough was then passed through a heparin column equilibrated with HEP-A (pH 7.0). Proteins
HucR-D73S, HucR-R106N and HucR-R137S bound to this column and were eluted with a linear
gradient of KCl from 50 mM to 1 M. The peak fractions were pooled, concentrated 10 times with
a Centriprep centrifugal concentrating device (Millipore Corp.) and the glycerol content was
raised to 20% before storing the proteins at -80 °C. Since HucR-W20F and HucR-R80S did not
bind to the heparin column, the flow-through was collected, dialyzed against 200 volumes of pH
6.0 buffer (20 mM potassium phosphate (pH 6.0), 25 mM KCl, 5% glycerol (v/v), 5 mM
Na2EDTA, 0.15 mM PMSF, 10 mM 2-mercaptoethanol) and run through a CM Sepharose
column equilibrated with the same buffer. The pure desired protein was collected in the flowthrough. Proteins were then concentrated as mentioned above, buffer exchanged with HAP-A
(pH 7.0) and stored as mentioned above. Concentration of purified proteins was determined
using Micro BCA Protein Assay Kit (Pierce).
Prediction of Ligand Binding Sites
To assess the feasibility of using blind docking to predict the urate binding site for HucR
in silico, two MarR family proteins for which crystal structures are available in their ligandbound form were utilized. E. coli MarR (PDB: 1JGS) [13] and MarR like protein MTH313 from
M. thermoautotrophicum for which both apo and salicylate bound structures (PDB: 3BPV and
3BPX)[22] were utilized. Ligands and macromolecules were processed for docking using
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MGLTools 1.5.2 [31, 32] while AutoDock 4 (http://autodock.scripps.edu/) and AutoDock Vina
1.0 beta 03 (http://vina.scripps.edu/index.html) were used to dock the ligands to selected proteins.
Initial blind docking was carried out with large grid boxes enclosing the entire dimeric protein
and on subsequent rounds enclosing more thermodynamically preferred sites.
To predict the ligand binding sites on HucR, blind docking with AutoDock 4.0 [33]
(Scripps Research Institute) was carried out using uric acid as the ligand. Among the predicted
ligand binding sites, two binding sites per monomer were selected as having the highest
calculated affinity to the provided ligand. The predicted sites were mapped near the DNA
binding helix where the inner binding site is buried in the protein and the outer binding site is
mapped on the surface opposing the inner binding site. Subsequent docking of the ligand at high
resolution mapped the residues directly hydrogen bonding to the ligand. All macromolecular
graphics were created with PyMOL [34]. Three dimensional protein structure alignments were
carried out with TM-align [35] on Structure based Sequences Alignment Program (STRAP)
(http://www.charite.de/bioinf/strap/). Mutational analysis of amino acids predicted to coordinate
was carried out to determine the functional significance of these residues in vitro.
Tryptophan Fluorescence Measurement
Emission spectrum was scanned from 300 to 360 nm with an excitation of 295 nm on a
Jasco FP-6300 spectrofluorimeter at 25 °C using a 0.5 cm path length cuvette. Ligands were
dissolved to appropriate concentrations in 0.2 M NaOH. Wild type and mutant proteins were
resuspended in FL buffer (40 mM Tris–HCl (pH 8.0), 0.2 mM EDTA, 0.1% (w/v) BRIJ 58, 100
mM NaCl, and 10 mM MgCl2) to a final concentration of 0.03 mg/mL. Reactions were incubated
for 2 min before measuring fluorescence. Absorbance of FL buffer, free ligand in FL buffer and
the reaction mixtures were measured from 250 to 360 nm to correct for the inner filter effect and
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for normalization of data. Correction of observed fluorescence and referred calculations were
performed as described previously [29]. Briefly, the inner filter effects were resolved by the
following correction factor: corrected fluorescence intensity at a given wavelength Fcorr(λ) = Fc(λ)
x 10

(Aex/2 + Aem/2)

where Fc(λ) is the observed fluorescence, and Aex and Aem are the absorbance

at the excitation and emission wavelengths, respectively. Percentage quenching (Q338) upon
ligand interaction was calculated by Q338 = 1 – (Fcorr [X] / Fcorr [0] , where Fcorr [X] and Fcorr [0]
are corrected fluorescence intensities at 338 nm with X µM and 0 µM ligand, respectively.
Fluorescence quenching data were fitted to a non-linear binding isotherm with the Hill equation:
Q338 = (n(1/Kd)

nH

n

n

n

(U) H)/(1+(1/Kd) H(U) H) where n represents the quenching plateau, U is the

urate concentration, Kd is the observed dissociation constant and nH is the Hill coefficient.
Antagonistic Effects of Ligand Binding on HucR-hucO Interaction
Observed equilibrium dissociation constant (Kd) of wild type HucR and mutants was
measured by electrophoretic mobility shift assay (EMSA) as described by Wilkinson and Grove,
2004[25] with slight modifications. “Top” strand of hucO (synthetic 77mer spanning the binding
region of HucR) was 5′ -
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P end labeled with T4 polynucleotide kinase and [γ-32P]ATP. Top

strand was then annealed to its complement by slow cooling in TE′ with 50 mM NaCl from 90
°C to room temperature (25 °C). One femtomole of hucO was incubated with 0.05 to 20 nM
HucR in a reaction mixture of 10 µl with a binding buffer containing 8% Glycerol, 0.5 M Tris,
10 µM EDTA, 0.05% Brij58, and 100 µg/ml BSA. Reactions were allowed to equilibrate for 45
min and loaded onto an 8% native gel. After electrophoresis at 8 Vcm-1, gels were dried and
exposed to storage phosphor screens (Molecular Dynamics) and scanned with a Storm 840
phosphorimager (Amersham Pharmacia Biotech Limited). Densitometric data obtained with
ImageQuant 5.1 (Molecular Dynamics) were analyzed by KaleidaGraph 4.0 (Synergy Software)

37

using a hyperbolic curve fit of data to the equation; normalized fractional saturation of hucO =
(n(P)/Kd)/(1+ (P/Kd)), where n is the number of HucR binding sites and P is the free protein
concentration.
Specificity of ligand binding to HucR was assayed with uric acid and several molecules
from the purine degradation pathway. Selected ligands were dissolved in 0.4 M NaOH and
binding reactions were carried out in a binding buffer consisting of 0.5 M Tris (pH 8.0). Wild
type HucR (0.3 nM) was incubated with
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P end-labeled hucO (0.1 nM) in the presence of

increasing concentrations of selected ligands from 0.625 to 20 mM in a 10 µl reaction.
Assessment of ligand binding antagonism by different mutants was carried with a concentration
of protein equivalent to their Kd, titrated with an increasing concentration of uric acid (0.625 to
20 mM). Densitometric data from more than three independent experiments were statistically
analyzed by fitting to a two component exponential decay where fractional saturation of hucO =
A.e-kx + B.e-lx (k and l are equilibrium dissociation constants, x is the ligand concentration and A
and B are the minimum saturation plateau).
Results
Only Urate and Xanthine Antagonize HucR-hucO Complex Formation
To investigate ligand specificity of HucR, we focused on compounds that are
intermediates in the purine degradation pathway (Figure 2.1C). Considering that HucR regulates
expression of uricase, which participates in the conversion of urate to allantoin, one expectation
was for allantoin to be unable to attenuate DNA binding by HucR. DNA binding antagonism
upon the addition of ligands was measured using electrophoretic mobility shift assays (Figure 2.2)
in which HucR-hucO complex formation was challenged with increasing concentrations of
selected ligands (urate, hypoxanthine, xanthine, allantoin, and adenine). Only urate and xanthine,
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the immediate precursor of urate in the purine degradation pathway, demonstrated a
concentration-dependent antagonism towards HucR-hucO complex formation, having apparent
inhibition constants of 0.78 ± 0.10 mM and 6.33 ±1.35 mM, respectively, indicating that urate
disrupts the HucR-hucO interaction at ~8-fold lower concentrations compared to xanthine
(Figure 2.2A-B). None of the other ligands, including allantoin, demonstrate such an effect in
this concentration range. Guanine could not be included in these assays due to the limitations in
solubility under the current conditions. Further, none of the pyrimidines (cytosine, uracil or
thymine) were able to reduce HucR-hucO binding (data not shown).
HucR contains two tryptophan residues per monomer and exhibits an intrinsic
fluorescence that is quenched on addition of urate [29]. As reported previously, fitting the uratemediated fluorescence quenching at the fluorescence emission maximum of 338 nm to the Hill
equation revealed negative cooperativity, with K = 10.58 ± 2.01 µM and nH = 0.75 ± 0.07.
Notably, the only other ligand that is capable of eliciting fluorescence quenching is xanthine,
which has lower affinity and shows no cooperativity in binding (K = 47.65 ± 10.72 µM and nH =
1.08 ± 0.15) (Figure 2.2C). Taken together, these data indicate that only urate and xanthine can
associate with HucR to attenuate DNA binding.
Blind Docking Predicts Two Ligand Binding Sites per Monomer
That uric acid binds to HucR with negative cooperativity predicts that there is more than
one binding site per HucR dimer. The significant Trp-fluorescence quenching in response to the
addition of urate reflects an altered environment of one or both tryptophans; W20 is located in
the N-terminal helix, which has no counterpart in the structures of reported MarR homologs, and
W72 is in helix 3, which appears to form a scaffold for helices 4 and 5 that constitute the helixturn-helix motif. An altered environment of W72 on urate binding might therefore seem
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Figure 2.2. Urate and xanthine attenuate HucR-hucO complex formation. A. HucR-hucO
complexes were challenged with 2.5 to 20 mM of identified ligands to determine their effect on
complex formation. B. Densitometric data from panel A fitted to a two component exponential
decay where urate (red, open circle) shows ~8 fold higher capacity to disrupt the complex
formation between HucR and hucO compared to xanthine (blue, open square, dashed line). C.
Quenching of HucR intrinsic fluorescence as a function of increasing concentration of urate (red,
open circle) and xanthine (blue, open square, dashed line).
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intuitively logical, as helix 3 contacts the helix-turn-helix motif. However, W72 stacks on Y62,
predicting instead that the primary source of HucR intrinsic fluorescence is W20.
To predict the sites of urate binding to HucR, we used the program suite AutoDock [32],
commonly used to predict how small-molecule ligands interact with their receptors. Ligand
bound structures of E. coli MarR [13] and M. thermoautotrophicum MTH313 [22] were used as
controls; while docking of E. coli MarR with salicylate does not return the binding pocket
suggested by the crystal structure, MTH313 probed with salicylate predicts binding sites that
overlay the actual ligand bound structure with significant accuracy (data not shown). The
primary site, occupancy of which results in displacement of the DNA recognition helix, is
predicted as a high affinity site, while the other site is one of several predicted by AutoDock to
be a low affinity site.
The surface of HucR was probed with its natural ligand uric acid, and two binding sites
predicted per monomer were further examined to determine which residues may be involved in
binding urate at the particular site (Figure 2.3). In the inner binding site, W20 is at hydrogen
bonding distance to O11, while a salt bridge is predicted between R80 and the delocalized
negative charge on O10 resulting from deprotonation of N3 of uric acid (Figure 2.3B). The
negatively charged D73 would be repelled by the deprotonated N3 of urate. This association of
urate would be consistent with the observed Trp fluorescence quenching on ligand binding.
Further examining the structure obtained in absence of ligand, it is evident that R106 from the
recognition helix and D73 contact each other. The delocalized opposite charges result in a salt
bridge interaction (2.8 Å distance between D73 and R106), which would likely be affected upon
binding of urate. As discussed below, binding of urate may alter the electrostatic environment in
the binding pocket to promote an interaction between D73 and R106 that alters the disposition of
the DNA recognition helix.
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Closer examination of the outer binding site reveals R137 to be at a hydrogen bonding
distance to urate (Figure 2.3C). The outer binding site is in close proximity to the inner binding
site in space, and would be expected to be affected by occupancy of the inner binding site,
perhaps contributing to the observed negative cooperativity of urate binding.

Figure 2.3. Results of blind docking of HucR using its natural ligand, uric acid. A. Most
probable binding sites on HucR were predicted using uric acid as the ligand. The two binding
sites with the lowest free energy were named inner binding site (purple) and outer binding site
(yellow). DNA recognition helices are indicated in cartoon representation. B. When urate is
docked, W20 is at hydrogen bonding distance to O11 of urate, R80 is predicted to form a salt
bridge to O10, while the deprotonated N3 repels D73 in the inner binding site. A salt bridge
between D73 and R106 of the recognition helix is seen in the crystal structure. C. In the outer
binding site, R137 may hydrogen bond to urate through the hydrogen on N7 and O11. Panels B
and C show only predicted side chain contacts of residues in the inner and outer binding sites;
contacts to the peptide backbone are omitted for clarity.
Only the Inner Ligand Binding Site Is Biologically Relevant
To determine whether residues in the inner and outer binding sites predicted to contact
urate indeed serve this function, each of these residues were mutated to the respective amino
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acids as follows; W20 to F, R80 to S, R137 to S, and D73 to S. Arginine 106 which makes a salt
bridge contact with D73 was mutated to asparagine hypothesizing that it would prevent the
propagation of the ligand binding signal to the recognition helix. All protein variants were
purified to apparent homogeneity (Figure 2.4A). Except for R106N, the single amino acid
substitutions changed the DNA binding affinity by less than a factor of three compared to WT
HucR (Table 1), and the specificity of binding was unaltered (data not shown). For WT HucR,
stoichiometric titrations were performed in the past [25], indicating that the protein is essentially
fully active. The current determination of Kd agrees with previously measured values, indicating
full activity of the protein preparations used here. However, mutation of R106 to asparagine
significantly compromised both DNA binding affinity and specificity of HucR (Figure 2.4B).
While the affinity of WT HucR for its cognate site is 0.3 nM (at the lower salt concentration used
for HucR-R106N), complex formation with HucR – R106N is seen only at µM concentrations,
and only at low salt concentrations. Further, addition of pGEM5 as a non-specific competitor
leads to disruption of complexes, indicating that specificity is lost by the R106 to N substitution
(Figure 2.4B). In contrast, pGEM5 does not disrupt complex formation with wild type HucR [25].
Evidently, R106 is essential for proper disposition of the DNA recognition helices.
The ability of urate to antagonize complex formation by WT and mutant HucR variants
was determined by EMSA (Figure 2.5A). While the outer binding site mutant, HucR-R137S,
responds to increasing concentrations of urate by a gradual decrease in residual complex, all of
the inner binding site mutants formed DNA complexes that could not be disrupted by addition of
urate. These data argue against the outer binding site as a physiologically relevant ligand binding
site and suggest that the presence of all the residues in the predicted inner binding site are vital
for the antagonistic effect of urate (Figure 2.5AB) and validating the site predicted by AutoDock.
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Figure 2.4. A. WT-HucR and single residue mutants were purified to >95% homogeneity.
Molecular weight markers (MW) indicated at the left. B. hucO (0.1 nM) binding to HucRR106N at concentrations up to 4 µM. Complexes were challenged with 25 times higher
concentration of non-specific competitor, pGEM5 (left panel), revealing an unstable specific
complex (C 2) and a nonspecific complex (C 1).
Table 3.1. Dissociation constants of HucR variants
HucR Variant

Kd (nM)

HucR-WT

0.60 ± 0.17

HucR-W20F

1.65 ± 0.27

HucR-R80S

0.41 ± 0.02

HucR-D73S

0.29 ± 0.04

HucR-R137S

0.75 ± 0.15

Observed dissociation constants (Kd) of HucR variants binding to hucO determined by analysis
of densitometric data obtained from electrophoretic mobility shift assays.
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Figure 2.5. A. HucR-hucO complexes with wild type and HucR variants, D73S, W20F, R80S
and R137S were challenged with 2.5 to 20 mM urate. B. Densitometric data from EMSA were
fitted to a two component exponential decay. WT-HucR (blue open squares, blue dashed line)
and HucR-R137S (red, open circle, red line) complexes with hucO can be disrupted with urate. C.
Fluorescence profiles of HucR mutants. Mutation of W20 to F (orange plus signs) causes a
significant loss in intrinsic fluorescence of HucR. Compared to WT-HucR, HucR-R80S (black,
crosses), HucR-D73S (green, diamonds), and HucR-R137S (red, open circles) show low
fluorescence maxima at 338 nm D. Fluorescence quenching upon ligand interaction with HucR
mutants. Similar to HucR-WT (blue open squares, blue dashed line), the outer binding site
mutant, HucR-R137S (red, open circles, red line) shows concentration-dependent fluorescence
quenching upon addition of urate. Mutation of D73 to S (green, diamonds) abolishes
responsiveness to urate while the response is altered in the mutant HucR-R80S (black, crosses).
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Fluorescence profiles of mutant proteins show variable patterns within the scanned region
from 320 to 360 nm (Figure 2.5C). For the W20F mutant, residual fluorescence is almost
negligible, suggesting that W20 is indeed the primary source of fluorescence in WT HucR and
that W72 fluorescence is quenched by the neighboring tyrosine (Y62). Mutation of R137 and
D73 results in overlapping fluorescence profiles, yet comparatively lower fluorescence
intensities at 338 nm suggesting a change in the immediate environment of W20. For R80, which
is adjacent to W20 in space, its substitution to serine would alter the charge density within the
micro-environment of the tryptophan residue, evidently reducing its maximum fluorescence.
Titration of increasing concentrations of urate against HucR-R137S shows concentrationdependent fluorescence quenching at 338 nm and retention of negative cooperativity (Figure
2.5D), suggesting that mutation of this residue does not eliminate urate interaction with the
protein, and consistent with the ability of urate to attenuate DNA complex formation (Figure
2.5A). The intrinsic fluorescence of HucR-R80S is increased on addition of urate, suggesting that
substitution of R80 instead results in an altered interaction with the ligand, as reflected in the
increased Trp fluorescence. The failure of HucR-R80S to respond to urate binding by a decrease
in DNA binding affinity further argues for an altered association with ligand compared to WT
HucR. In contrast, mutation of D73 to S abolishes fluorescence quenching, suggesting that the
charge repulsion between N3 deprotonated urate and aspartate is important for ligand binding to
HucR. Titration of HucR-R106N with urate shows a concentration-dependent quenching of Trp
fluorescence, indicating urate binding (data not shown). Considering the low-affinity DNA
binding by HucR-R106N, it is possible that its conformation is more akin to that of urate-bound
HucR. Taken together, our data indicate that the inner binding site predicted by AutoDock
indeed represents the ligand binding site in HucR.
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Discussion
A number of proteins within the MarR family bind phenolic compounds, either to
regulate their metabolism or their export from the cell via efflux pumps. Even for the well
studied E. coli MarR, the mechanism by which ligands attenuate DNA binding is not known.
Elucidating this mechanism has been hampered not only by the fact that many homologs bind
multiple ligands or that the preferred ligand is not known, but also by complications associated
with obtaining co-crystal structures of ligand-bound protein. For E. coli MarR, the high
concentration of salicylate used for obtaining crystals is widely thought to have resulted in nonspecific association with solvent-exposed sites and the concomitant stabilization of the crystal
lattice. Consistent with this interpretation, application of AutoDock to the prediction of salicylate
binding sites within E. coli MarR did not identify the published solvent exposed sites. Further, it
was shown that mutation of HucR residues, seen to coordinate salicylate in MarR, does not
significantly affect DNA binding or the response to urate [29]. However, the MTH313 crystal
structure with bound ligand closely overlaps with the results from blind docking with salicylate,
indicating that this program suite can be utilized to probe for ligand binding sites in MarR
homologs. Encouraged by the ability of AutoDock to predict the crystallographically identified
salicylate binding site in MTH313, we therefore probed the surface of HucR with uric acid to
predict its cognate site.
Molecular docking suggests two possible ligand binding sites per HucR monomer (Figure
2.3). In the inner binding site, residues W20 and R80 contact O10 and O11 of urate through
hydrogen bonding or electrostatic interactions, respectively. Under physiological conditions, N3
of uric acid would be deprotonated (pKa = 5.8)[36] causing a delocalization of the resulting
negative charge. We speculate that interaction with the above mentioned side chains along with
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contacts to the peptide backbone of T77, M41, and L44 allows the ligand to anchor in the inner
ligand binding site. In the crystal structure, D73 and R106 of the recognition helix are separated
by 2.8 Å allowing a salt bridge interaction [14]. Upon binding of urate, the spatial disposition of
D73 (pKa = 3.9) may change due to charge repulsion, a conformational change that would
propagate due to the salt bridge interaction between D73 and R106 (Figure 2.6). This interaction
may change the orientation of the recognition helix, resulting in attenuated binding to hucO.
Consistent with this interpretation, mutation of R106 in the recognition helix to N severely
compromised the DNA binding affinity of HucR demonstrating that it is an important residue
required to anchor the DNA binding helix in position. Thus even slight alteration of its position
through propagation of ligand induced conformational changes would compromise the
interaction of the recognition helix with the cognate DNA.
Our proposed model posits that the salt-bridge between D73 and R106 serves to orient
the DNA recognition helix properly. While substitution of R106 to N severely compromises both
DNA binding affinity and specificity, consistent with this interpretation, substitution of D73 for
N has little to no effect on DNA binding. Examination of the HucR structure reveals multiple
contacts of the guanidino groups of arginine [14]. One guanidino-nitrogen is 3.1 Å from the
backbone carbonyl of A70 while the other is 3.5 Å from the side chain of T103. Thus, R106 is
anchored by multiple contacts and as a result, substitution of D73 does not compromise its
disposition.
The proposed mechanism is consistent with the ligand specificity of HucR. Both the
delocalized negative charge and the hydrogen bond donor and acceptor atoms characteristic of
urate may be important for the ligand to bind and induce the conformational change required to
produce a protein conformation incompatible with DNA binding. Although xanthine hosts
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Figure 2.6. A. Proposed model for antagonistic effect of urate on HucR-DNA interaction. In the
single ligand binding site of HucR illustrated, blue and green ribbons represent the contribution
of either monomer to forming the binding site. The recognition helix (blue) is in cartoon
representation, while the residues discussed in this work are in stick form with carbon atoms in
orange. B. Upon binding of urate (spheres), repulsion of D73 may displace R106 of the
recognition helix, causing a conformational change in the recognition helix that alters the face
presented to the DNA major groove.
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hydrogen bond donor and acceptor atoms similar to those of uric acid, it is less efficient at
antagonizing DNA binding. This may be due to the absence of polar O12, which would prevent
xanthine from contacting the backbone of L44, as seen with docked uric acid, decreasing its
affinity for the binding site. Further, xanthine would be expected to be only partially
deprotonated under these reaction conditions (pKa = 7.44)[37]. As a negative charge on N3
would be required for the proposed unfavorable interaction with D73, the only partial
deprotonation of xanthine would be consistent with its reduced efficiency in attenuating HucRDNA complex formation. Consistent with this interpretation, hypoxanthine (pKa = 8.94)[37],
which has no charge on N3, fails to bind HucR and does not affect complex formation. This is
also consistent with the non-responsiveness of HucR-hucO complex formation to thymine and
uracil (pKa = 9.9 and 9.5 respectively)[37], which feature carbonyl groups in positions similar to
xanthine, but lack charge.
While complex formation by HucR-R80S is unaffected by bound ligand, Trp
fluorescence data suggest that urate still binds to HucR-R80S. It is conceivable that urate
reverses orientation by a 180° rotation about its long axis to prevent repulsion between N3 of
urate and D73; such an orientation of the ligand would be precluded in WT HucR due to
interaction between the ligand and R80. In contrast, mutation of D73 to S abolishes fluorescence
quenching, suggesting that the ligand no longer interacts with this mutant, consistent with the
lack of complex perturbation on ligand addition. The D73S variant also exhibits lower intrinsic
fluorescence compared to wt HucR, indicating an altered environment of W20. We therefore
surmise that removal of the negative charge results in a restructuring of the ligand-binding
pocket that is sufficient to prevent urate binding. Although a second Trp is present (W72) in the
W20F mutant, the protein shows extremely low emission at 338 nm. This may be due to W72

50

fluorescence quenching by neighboring Y62 and H147 that flank W72 at a distance of 4.2 Å and
3.7 Å, respectively. Mutation at the suggested outer binding site results in neither a change in
dissociation of complex on ligand binding, nor a change in binding as suggested by fluorescence
quenching within the range of concentrations tested. This likely reflects that this site is not
physiologically relevant.
Urate docked in the inner binding site contacts the carbonyl oxygens of L44 and M41 of
the long dimerization helices α2 or α2′ from either monomer of HucR. Repulsion between the
polar O12 of urate and the carbonyl oxygen of L44, which makes a hydrophobic interaction with
L54′ (of the other dimerization helix) along with hydrogen bonding between the carbonyl oxygen
of M41 and N7-H of urate may cause a conformational alteration which has the potential to
propagate to its mirror binding site in the other monomer. Such induced conformational changes
could lower the binding affinity of the second binding site, causing the observed negative
cooperativity. This is consistent with our previous inference that negative cooperativity is
between high-affinity ligand sites [29]. That xanthine is missing O12 would be consistent with
the inability of this ligand to elicit negative cooperativity.
The recently published structure of MTH313 [22], a MarR-like protein from M.
thermoautotrophicum with unknown physiological function, offered the first opportunity to
compare structures of an unbound MarR homolog with that of the protein in complex with a
small molecule ligand. The MTH313 crystal structure shows asymmetry in ligand binding sites,
where the first binding site is located at the DNA binding and dimerization domains and the
binding site within the other monomer is at a distant site that is more solvent exposed [22]. It was
speculated that such a configuration of ligand-binding sites might function to accommodate
diverse ligands. Structural alignment of salicylate-bound MTH313 and urate-docked HucR
(RMSD = 3.14 Å for 263 common Cα residues) reveals that the inner binding site of HucR
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superimposes well with the first binding site of MTH313, which was suggested to be biologically
relevant because it imposes the greatest structural alteration upon binding of ligand (Figure 2.7).
This is particularly noteworthy as HucR uses W20 from its N-terminal helix to coordinate the
ligand; this structural element is absent from MTH313. Further, the salicylate-bound structure of
SlyA from Salmonella typhimurium (PDB: 3DEU, Brzovic, P. S. et al., unpublished data) also
shares this binding pocket predicted for HucR, showing that this may be a structurally analogous
binding site shared by members of the MarR family of transcriptional regulators.
The natural ligand for many MarR family transcriptional regulators is elusive due to low
affinity or due to a wide range of ligands being able to cause derepression. For HucR, the
selective binding of one principal ligand was anticipated based on its physiological role in
regulating uricase expression. Consistent with this expectation, we find that HucR only responds
to urate and to a lesser extent to xanthine, the immediate precursor to urate in the purine
degradation pathway. HucR therefore serves as a model to analyze MarR family transcriptional
regulators and their interactions with ligands, particularly the mechanism by which ligand
mediates derepression. The model for ligand-induced DNA-binding antagonism proposed here
likely extends to other MarR homologs, many of which bind anionic, phenolic ligands [3].

52

Figure 2.7. A. Overlap of salicylate bound MTH313 (yellow) and urate docked HucR (green).
Ligands in the binding sites, urate and salicylate, are colored in red and blue respectively.
Salicylate binding sites on MTH313 are asymmetric in the crystal structure while predicted inner
binding sites on HucR are symmetric. B. A view of the structural alignment rotated 90°
anticlockwise about the middle vertical axis shows the conserved binding pocket for urate and
salicylate.
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CHAPTER 3
URATE IS A LIGAND FOR THE TRANSCRIPTIONAL REGULATOR PecS
Introduction
Plants are aerobic organisms. During the reduction of O2 to H2O, reactive oxygen species
(ROS) are generated, and environmental stress conditions, including invading bacteria, result in
the over-production of ROS as a defense mechanism. Several enzymes have been implicated in
such ROS production, including NADPH oxidase and xanthine oxidase; the latter participates in
the catabolism of purines by converting hypoxanthine to xanthine and xanthine to urate, both
reactions associated with the production of ROS [1-3].
Bacteria that interact with plants commonly need to alternate between a soil-dwelling,
saprophytic lifestyle and a symbiotic or pathogenic phase associated with colonization of the
plant host. Examples include soil bacteria belonging to the order Rhizobiales that invade legume
roots to form nitrogen-fixing root nodules and Erwinia species that cause soft-rot diseases in a
variety of plants [4, 5]. Success of such bacterial species therefore depends on their ability to
counter host defenses, such as the production of ROS. Thus, production of antioxidants is vital
for the survival during host invasion. Among others, indigoidine has been shown to be an
important antioxidant in a number of plant pathogenic bacteria and has been best characterized in
Erwinia chrysanthemi (Dickeya dadantii) [6]. It was shown that indigoidine biosynthesis and
secretion via the efflux pump PecM are regulated by the transcriptional regulator PecS [7-9].
Indeed, PecS regulates numerous genes essential for infectivity and disease progression and is
named for its regulation of pectinase gene expression in Erwinia sp.; pectinases are enzymes that
play a significant role in the maceration of plant tissue that gives rise to the characteristic
symptoms [10, 11].
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PecS belongs to the branch of the MarR (Multiple Antibiotic Resistance Regulator)
family, which is characterized by the ability to bind specific promoter sequences to cause
transcriptional repression and to associate with a small molecule ligand [12]. When the ligand is
bound, de-repression occurs to permit expression of the regulon. For MarR, this means
expression of antibiotic resistance genes on binding to antibiotics [13-15]. For PecS, it means
expression of a regulon associated with host colonization; however, the natural ligand has not
been identified [11, 16].
As plants respond to invading bacteria by the production of ROS, urate is generated as a
byproduct [17]. However, urate is also a potent antioxidant that may be specifically produced in
response to oxidative stress [18-20]. For example, cellular levels of urate are tightly regulated in
Deinococcus radiodurans, a nonpathogenic bacterium known for its remarkable ability to
withstand exposure to ionizing radiation as well as other sources of DNA damage, including that
induced by oxidative stress [21-24]. We recently characterized the D. radiodurans-encoded
MarR homolog designated HucR (hypothetical uricase regulator), which functions as a
transcriptional repressor, regulating its own expression as well as that of a divergent gene
encoding a uricase [25, 26]. Uricase catalyzes the conversion of urate to 5-hydroxyisourate,
which is enzymatically or spontaneously broken down to allantoin [27, 28]. Urate is the natural
ligand for HucR, and in vivo studies have shown that when D. radiodurans is grown in the
presence of urate, hucR and uricase transcripts are upregulated [25].
We report here that urate is a ligand for the subset of MarR homologs previously
annotated as PecS. Specifically, we show that Agrobacterium tumefaciens (Rhizobium
radiobacter) encodes a PecS homolog whose repressor function is alleviated by urate, both in
vitro and in vivo.

These data reveal not only the ligand for a critical transcription factor
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implicated in bacterial colonization of host plants, but also they suggest a novel function for
urate in signaling such colonization.
Experimental Procedures
Sequence Alignment, Phylogenetic Analysis, and Model Building
Amino acid sequences of the selected MarR homologs were aligned using Clustal W and
the neighbor-joining tree was generated with MEGA4 [29-31]. Sites containing gaps were
eliminated from the data set to reduce systematic errors. Confidence in neighbor-joining was
determined by analyzing 500 bootstrap replicates where the percentages of replicate trees in
associated taxa are shown next to branches [32]. The tree is drawn to scale where computed
evolutionary distances are in the units of number of amino acid substitution for site. Global
alignment parameters were calculated according to Needleman-Wunsch algorithm (including
gaps, Matrix: EBLOSUM62, Gap penalty: 10.0, Extend penalty: 0.5) through EMBOSS:needle
(http://www.ebi.ac.uk) [33].
A model of A. tumefaciens PecS was built using Swiss Model Workspace [34]. Among
the available structural data for MarR homologs, the HucR structure (PDB ID: 2fbk) [35] was
automatically selected as the template having 33.54% sequence identity. PecS monomers were
modeled on chain A and B of HucR separately with minimum steric clashes and the coordinates
were assembled and the figure generated with Pymol [36].
Cloning and Purification
The gene encoding PecS was amplified by PCR from A. tumefaciens genomic DNA using
forward primer 5′- CACC ATG GTG ATG AGC AAG AAG AAA C -3′, which introduces the
TOPO recognition sequence (4-bp leader in bold face) and reverse primer 5′- GAC GTA AAT
CTA TTC CTC GAA GTC C -3′. The resulting PCR product was cloned into the expression
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vector pET100/D-TOPO (Invitrogen), which introduces an amino-terminal-6X Histidine fusion
tag, and was transformed into E. coli TOP-10 cells. The correct construct (named pAtPecS) was
confirmed by sequencing and transformed into E. coli BL21(DE3)pLysS for overexpression of
protein. An overnight culture started from a well isolated single colony was diluted 1:500 in
Luria-Bertani media (4 L total volume, 37 °C / 250 rpm) and the protein was overexpressed at an
optical density of ~0.5 at 600 nm with 0.5 mM isopropyl β-D-1-thiogalactopyranoside. Induced
cultures were grown for two hours, chilled on ice for 20 min, and cell pellets harvested by
centrifugation were stored at -80 °C. The cell pellet was thawed and resuspended in lysis buffer
(20 mM potassium phosphate buffer (pH 7.4), 50 mM KCl, 4.5% glycerol, 10 mM imidazole,
0.15 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM 2-mercaptoethanol) and treated with
200 µg/mL lysozyme for 1 h on ice. Lysis was completed with 0.05% Triton X-100 and
immediate addition of 500 mM NaCl. After a brief sonication, the suspension was spun down
and the supernatant was loaded on to a Ni-Agarose column (1 mL/ min). The column was
washed with 10 bed volumes of lysis buffer and protein was eluted with a linear gradient of
imidazole from 10 – 250 mM. Purest fractions were pooled and dialyzed overnight against HA
buffer (20 mM potassium phosphate buffer (pH 7.0), 50 mM KCl, 4.5% glycerol, 0.2 mM EDTA,
0.15 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM 2-mercaptoethanol) and loaded on to a
heparin-agarose column equilibrated with the same buffer. After washing the column with 10
bed volumes of HA buffer, protein was eluted with a linear gradient of KCl (50 mM – 1 M),
created with HB buffer (20 mM potassium phosphate buffer (pH 7.0), 1 M KCl, 4.5% glycerol,
0.2 mM EDTA, 0.15 mM PMSF, 10 mM 2-mercaptoethanol). Purest fractions were pooled and
the glycerol content was raised to 20% before flash freezing on dry ice and storing at -80 °C. The
poly-histidine tag was cleaved with Enterokinase (Novagen®). Five hundred micrograms of
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protein was incubated with 50 U of recombinant Enterokinase at room temperature for 16 hours
followed by one hour incubation with Ni-Agarose and 0.2 mM PMSF. Undigested protein and
the cleaved poly-histidine tag were removed by centrifugation. Concentration of purified proteins
was determined using Micro BCA Protein Assay Kit (Pierce) using bovine serum albumin
standards and purity was determined by SDS PAGE followed by Coomassie brilliant-blue
staining.
PecS was mutated by whole plasmid PCR using pAtPecS as template and the following
primer pairs (5′ to 3′ orientation): W18F, Fw-GCG CAA TTC CGC AAG GAA CGA and RvGAG AAT ATG GTC GAC GTG GTC CAT; D62S, Fw-GCT TTC AGT GTG CTG GCG ACA
and Rv-GGA GGA GGA GAG GCC ATG TTT TA; R69S, Fw-ACA TTG CGA AGC GCG
GGC and Rv-CGC CAG CAC ATC GAA AGC G; R95N, Fw-ACA AAC AAT ATC GAC
CAG CTG GAA AAA GC and Rv-CAT GGT GCC GGA GCT AAC CAT. All mutated PecS
variants were overexpressed in 250 ml cultures according to the protocol followed for wild type
protein, except for PecS-R95N, for which cells were grown at 30 °C in 1 L LB media starting
from a freshly transformed single colony. Cells were induced at OD600 ~0.2 for 4 h at 20 °C and
pelleted down. All cell pellets were disrupted by sonication in buffer-Co (50 mM KCl, 4.5%
glycerol, 0.15 mM PMSF, and 10 mM imidazole in 20 mM potassium phosphate buffer pH 7.4)
followed by 30 min centrifugation at 15 000 rpm (4 °C) to remove the cell debris. Proteins were
purified using TALON® Co affinity resin (Clontech). Cell lysate was incubated with the resin for
1 h followed by an extensive washing step (>100 bed volumes) with buffer-Co containing 20
mM imidazole. After the suspension was transferred to a gravity flow column, pure protein was
eluted with 500 mM imidazole in buffer-Co. All mutants were purified to ~98% homogeneity;
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assessment of purity and storage of protein were carried out as described above for wild type
PecS.
Gel Filtration and Glutaraldehyde Mediated Cross-Linking
A Superdex™-200 column (Hi load™ 16/60, GE Healthcare) was used with a mobile
phase of 20 mM Tris (pH 7) and 150 mM NaCl and standardized with size markers
Thyroglobulin 670000, γ-Globulin 158000 Da, Ovalbumin 44000 Da, Myoglobin 17000 Da, and
Vitamin B12 1,350 Da (Bio-Rad). The Kaverage (Kav) for each standard and PecS was calculated
using the equation Kav=(VE –VO)/(VT –VO), where VE, VO, and VT are the retention (elution)
volume of the protein, void volume of the column and the geometric bed volume of the column,
respectively. A standard curve was obtained as a plot of Kav as a function of log10 of the
molecular weight.
Reactions of PecS and increasing concentrations of pecO-190 bp (0, 1, 2, and 4 µM) were
incubated for 30 min at 25 °C. Freshly prepared glutaraldehyde was added to each reaction at a
final concentration of 0.1%. After 30 min incubation at 37 °C sample buffer was added and
electrophoresed on a 15% SDS-polyacrylamide gel.
Protein Melting Temperature
PecS (5 µM) was added to a buffer with 50 mM Tris pH 8.0, 100 mM NaCl and 5X
CYPRO Orange (Invitrogen) as a reference fluorescent dye. Fluorescence emission upon binding
of dye to unfolded protein was measured over a temperature range of 5 °C to 90 °C in 1 degree
increments for 45 s using an Applied Biosystems 7500 Real-Time PCR System (filter: SYBR
green). Measured total fluorescence yield was corrected using reactions without protein. Data
was analyzed with two-state unfolding model using KaleidaGraph 4.0 (Synergy Software) by
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nonlinear least-squares fit assuming that the enthalpy change between the unfolded and native
states is constant for PecS [37-39].
DNA Binding
The pecS – pecM intergenic segment pecO was PCR-amplified from A. tumefaciens
genomic DNA with primers, pecO-Fw 5′ CATTGCGCGAGAATTCGGTCGA 3′ and pecO-Rv
5′ CAGATGGCGAATTCAAGTGCTGTGA 3′. Five pmol of 190 bp DNA fragment was 5′ end
labeled with γ32P-ATP and T4-polynucleotide kinase. Increasing concentrations of purified PecS
were incubated at 25 °C for 30 min with 0.1 nM 32P-labeled pecO in a binding buffer containing
20 mM Tris (pH 8.0), 50 mM NaCl, 0.06% BRIJ58, 20 µg/ml BSA, 1.5% glycerol. Complexes
were separated on an 8% polyacrylamide gel in 1X Tris-acetate buffer (TAE) at 7.5 V/cm (4 °C).
Gels were dried under heat and vacuum followed by overnight exposure to storage phosphor
screens and scanned with Storm 840 phosphorimager (GE Healthcare). Densitometric data
obtained with ImageQuant 5.1 (Molecular Dynamics) were analyzed with KaleidaGraph 4.0
(Synergy Software) by fitting the binding isothotherm to the Hill equation; normalized fractional
saturation of pecO f = fmax[PecS]n/(Kd + [PecS])n), where [PecS] is the protein concentration, Kd
is the apparent equilibrium dissociation constant, and n is the Hill coefficient.
Specificity of the interaction between PecS and its mutants with pecO was analysed by
challenging preformed complex with molar excess of binding site equivalents from a nonspecific plasmid pLexLacZ (Invitrogen) and by challenging the
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P-labelled 190 bp-pecO/PecS

complex with unlabeled 190 bp-pecO. The 190 bp-pecO/PecS complex was also challenged with
increasing concentration of unlabeled 50 bp-pecO containing only the perfect palindromic
sequence.
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Selected ligands were dissolved in 0.4 M NaOH. To analyze the effect of ligands on
DNA binding, binding buffer composed of 0.5 M Tris (pH 8.0) was used. Binding reactions
containing PecS concentrations similar to its apparent Kd and 0.2 nM
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P labeled-pecO were

challenged with increasing concentrations of urate, xanthine, hypoxanthine or salicylate.
Reactions were incubated for 30 min at room temperature and loaded on to an 8% acrylamide gel
(50 mM Tris, 40 mM NaCl) and subjected to electrophoresis at 7.5 V/cm at 4 °C. Similarly,
complexes between PecS mutants D62S and R69S and pecO, were challenged with increasing
concentrations of urate. Gels were processed and visualized as explained above. Densitometric
data from three independent experiments were analyzed by non-linear curve fitting to a two
component exponential decay [40].
DNase I Footprinting
The 190 bp PCR product used for DNA binding was used with either top or bottom
strand selectively end labeled by PCR amplification using either 5′-32P-labeled forward or
reverse primer. The PCR products were purified by passive elution after electrophoretic
separation on an 8% polyacrylamide gel followed by phenol-chloroform extraction and ethanol
precipitation. Binding reactions containing increasing concentrations of PecS and ~5 nM pecO
were incubated for 30 min at room temperature (25 °C) in a binding buffer containing 20 mM
Tris (pH 8.0), 50 mM NaCl, 0.06% BRIJ58, 20 µg/ml BSA, 1.5% glycerol 5 mM MgCl2 and 2.5
mM CaCl2 at room temperature. DNA was digested with 20 U DNase I (New England Biolabs)
for 30 s and the reactions were terminated with an equal volume of formamide loading dye (80%
deionized formamide, 10 mM EDTA, 0.1% bromophenol blue and 1 mM NaOH). A/G chemical
sequencing ladders of PecO-Fw and PecO-Rv were generated according to Sambrook et al [41].
Samples were heated at 90 °C for 5 min before fractionating on an 8% denaturing gel (19:1
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acrylamide/bis-acrylamide, 8 M urea, 1X TBE (pH 8.3)), where the gel was pre-run at ~1.5
W/cm to reach ~45 °C and run at the same wattage and temperature. After electrophoresis, the
gel was dried at 80 °C under vacuum and exposed to a phosphor-imaging screen.
DNA Binding Stoichiometry
Complementary, synthetic oligonucleotides spanning the pseudo palindromic region on
the foot print (excluding the complete palindrome) were purchased (ψ2pal), purified by
denaturing gel electrophoresis followed by passive elution, and 5′-32P end-labelled with γ32PATP and T4 polynucleotide kinase. Reactions containing 100 nM duplexed ψ2pal and increasing
concentrations of PecS in a reaction buffer containing 20 mM Tris (pH 8.0), 50 mM NaCl,
0.06% BRIJ58, 20 µg/ml BSA and 1.5% glycerol was incubated for 0.5 hr followed by
electrophoretic resolution through an 8% polyacrylamide gel in 1X Tris-acetate buffer (TAE) at
7.5 V/cm. Gels, dried under heat and vacuum were exposed to storage phosphor screens
(Molecular Dynamics) and scanned with Storm 840 phosphorimager (GE Healthcare). Data were
plotted as percent complex versus ratio of PecS and ψ2pal concentrations. The value of x at the
intersection between tangents to the linear portions of the graph was calculated algebraically to
obtain the stoichiometry of PecS-ψ2pal interaction at saturation.
Tryptophan Fluorescence Measurement
PecS was resuspended in FL buffer (40 mM Tris–HCl (pH 8.0), 0.2 mM EDTA, 0.1%
(w/v) BRIJ 58, 100 mM NaCl, and 10 mM MgCl2) to a final concentration of 0.03 mg/mL.
Ligands were dissolved in 0.1 M NaOH and reactions containing varying ligand concentrations
added from equal volume in 0.1 M NaOH were incubated for 5 min before measuring
fluorescence. Emission spectrum was scanned from 300 to 360 nm with an excitation of 295 nm
on a Jasco FP-6300 spectrofluorimeter at 25 °C using a 0.5 cm path length cuvette. Correction
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for the inner filter effect, calculation of fluorescence quenching and fitting to the Hill equation
were carried out as described [26].
In vivo Response to Urate
Overnight culture of A. tumefaciens was diluted 1:100 in fresh 2XLB ( Tryptone 2% w/v, yeast
extract 1% w/v, NaCl 1% w/v) and challenged with either urate or H2O2 at a final concentration
of 10 mM and 250 µM respectively. Cells were harvested after 30 min by centrifugation
followed by isolation of total RNA with illustra RNAspin Mini Isolation Kit (GE Healthcare).
cDNA was prepared from 2 µg of total RNA with AMV reverse transcriptase according to
Sambrook et al [41]. and quantitative PCR was carried out with a Applied Biosystems 7500 Real
Time PCR system. pecS, pecM and the internal control gene rpoA were amplified with specific
primers using SYBR green 1 fluorescence as a reporter of amplification. Necessary controls and
validations were carried out before applying comparative CT (2-∆∆CT) method for data analysis
[42].
Results
Urate-Coordinating Residues Are Conserved in PecS Homologs
We recently identified four residues involved in urate binding to HucR and in conferring
attenuated DNA binding; while W20 and R80 of HucR directly coordinate urate, D73 is repelled
by the deprotonated urate, resulting in a movement of the DNA recognition helix that is
otherwise held in place by a salt bridge between D73 and R106 [40]. Alignment of the HucR
amino acid sequence with that of other MarR homologs reveals conservation of residues
involved in coordinating urate and in communicating its binding to the DNA recognition helix in
only a subset of these homologs, including PecS from the plant pathogens E. chrysanthemi and A.
tumefaciens (Figure 3.1A). Notably, proteins such as Escherichia coli MarR [43], Salmonella
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Figure 3.1. A. Sequence alignment of HucR and homologs encoded by plant pathogens.
Residues involved in coordinating urate in HucR or in communicating its binding to the
recognition helix are enclosed in red boxes. Secondary structure elements are from the structure
of HucR [35]; the N-terminal helix α1 is absent from other MarR structures. Note that sequences
are truncated from C-temini on figure. B. Phylogenetic analysis of selected MarR homologs was
deduced from analysis of amino acid sequences. Phylogenetic tree was constructed by neighborjoining where gaps were excluded. Tree was drawn to scale and the scale bar indicates an
evolutionary distance of 0.1 amino acid substitution per position in the sequence. C. Modeled
structure of PecS. Each monomer colored in teal and light pink are modeled on chain A and B of
HucR. DNA binding domains are colored in blue, while the residues predicted to bind urate and
transmit the urate binding signal to the recognition helix are in red (stick representation).
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typhimurium SlyA (PDB: 3DEU), and Methanobacterium thermoautotrophicum MTH313 [44],
which respond to the ligand salicylate, do not conserve these residues; this is consistent with the
observation that salicylate is not an efficient ligand for HucR [25]. What is also notable is that all
residues are conserved on an all-or-none basis, consistent with their role in a common function.
As noted above, these plant pathogens encode a highly conserved genomic locus that
includes the MarR homolog PecS. As is the case for other MarR homologs, divergently oriented
genes are predicted to be repressed by binding of PecS to the intergenic region, followed by derepression once the natural ligand is bound by PecS. In the plant pathogens, the locus includes
PecM, a membrane protein with 10 predicted membrane-spanning segments, shown for E.
chrysanthemi to be involved in efflux of the antioxidant indigoidine [7, 9].
The annotated PecS homologs share a higher degree of sequence identity with HucR
compared to other MarR homologs, with 35.3% sequence identity between HucR and A.
tumefaciens PecS and only 18.4% identity between HucR and E. coli MarR. Accordingly, the
HucR structure is identified by SwissModel as the appropriate structure on which to model PecS
(Figure 3.1C). A notable feature of HucR (and presumably PecS) is the existence of an additional
N-terminal helix not present in other homologs, such as E. coli MarR and MTH313 [43, 44]; one
of the urate-coordinating residues, W20 in HucR, protrudes from this N-terminal helix.
PecS Binds a Tandem Palindrome
To determine whether urate indeed serves as a ligand for PecS homologs, A. tumefaciens
pecS was cloned, expressed in E. coli, and purified to >95% homogeneity (Figure 3.2A). Size
exclusion chromatography shows that PecS exists as a dimer in solution of 43.7 ± 0.7 kDa
(including 6X His-tag), closely matching its theoretical molecular weight of 46.1 kDa (Figure
2B). Higher order oligomers were observed only in the presence of cognate DNA (Figure 3.3).
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Figure 3.2. PecS was purified to >95% purity. A. Purified PecS was electrophoresed on a 15%
SDS-PAGE gel where lane 1 - molecular weight marker, lane 2 – 5 µg PecS and lane 3 – 5 µg
PecS after cleaving the 6XHis-tag. B. Gel filtration analysis of PecS against molecular weight
standards. Kav of molecular weight standards (black open circles) and PecS (red open square)
was graphed against logarithm of molecular weight. C. Melting temperature of PecS determined
by DSF. Fluorescence emitted from Cypro Orange upon binding to denatured protein is
measured as a function of temperature. Fluorescence is reduced after it reaches the maximum,
which may be a result of aggregation of denatured protein and dye causing a quenching.
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Figure 3.3. Glutaraldehyde mediated cross-linking of PecS in the presence of pecO. Lane 1
contains the molecular weight ladder. No glutaraldehyde was added to lane 2. Reactions loaded
on lanes 3-6 were treated with 0.1% glutaraldehyde after incubating with increasing
concentrations of cognate DNA. Samples were electrophoresed on a 15% SDS-polyacrylamide
gel.
PecS has a melting temperature of 61.3 ± 0.5 °C as determined by differential scanning
fluorometry (DSF) using Cypro Orange as a fluorescent reporter for protein unfolding as a
function of temperature (Figure 2C). The thermal stability of PecS is comparable to that of other
MarR homologs, all having relatively high melting temperatures compared to the physiological
growth temperatures of the respective organisms [25, 45].
HucR binds a 9 bp imperfect inverted repeat [25]. Accordingly, PecS was predicted to
bind an identified 9 bp inverted repeat in the intergenic region of the divergently oriented pecS
and pecM genes. However, PecS was unable to form a stable complex in electrophoretic mobility
shift assays with DNA containing this complete palindrome. Instead, it has high affinity for a
190 bp fragment including also an adjacent double, overlapping pseudo-palindrome (ψ2pal),
with an apparent dissociation constant (Kd) of 0.41 ± 0.03 nM (Figure 3.4A and 3.4C). PecS-
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pecO (190 bp) association is specific as shown by complete retention of the complex during
competition with >1000-fold excess binding site equivalents of non-specific DNA. Titrating
PecS-pecO (190 bp) complex with DNA containing only the complete palindromic sequence (50
bp) shows that it can compete for binding to the 190 bp duplex, albeit not as efficiently as the
190 bp DNA, suggesting that PecS does bind DNA with a single palindromic sequence in
solution (Figure 3.4B). The interaction between PecS and pecO appears modestly cooperative
with a Hill coefficient of 1.16 ± 0.04 (Figure 3.4C); the double reciprocal plot shows an upward

Figure 3.4. Electrophoretic mobility shift assays showing DNA binding and specificity of PecS.
A. PecS binding to 190 bp fragment of the shared operator region (PecO) of PecS and PecM;
complex (C) and free DNA (F) identified at the left. B. PecS (10 nM) binding to PecO (1 nM)
challenged with increasing concentrations (5 – 20 nM) of nonspecific plasmid DNA (pLexLacZ),
190 bp pecO or 50 bp (50 – 500 nM) fragment containing only the perfect palindromic sequence.
C. Fractional complex formation with 190 bp PecO plotted as a function of PecS concentration.
Inset shows double reciprocal plot.
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curvature consistent with positive cooperativity. This was further evidenced by the convex
curvature of a Scatchard plot. While a PecS complex with DNA containing only the complete
palindrome is not stable to electrophoresis, PecS forms a stable complex with DNA representing
the overlapping pseudo-palindromic sequence (ψ2pal) (Figure 3.5A).

Figure 3.5. PecS-ψ2pal binding stoichiometry. A. Increasing concentrations of PecS were
incubated with 100 nM ψ2pal and the complexes were resolved on an 8% polyacrylamide gel. B.
Plot of percent complex versus the ratio of pecS and ψ2pal concentrations. Error bars represent
the standard deviation derived from three experiments. Blue arrow points to the calculated
stoichiometry.
DNase I footprinting confirms that PecS protects a region spanning the two identified
sequences (Figure 3.6). On the forward strand (with respect to pecM), PecS protects DNA bases
from 17 to 39 and 50 to 92 counting from the first base of the start codon of pecS, including the
perfect and overlapping pseudo-palindromes, respectively. With respect to the footprint on the
reverse strand, the protection is shifted towards pecS (Figure 3.6D). The extent of protection in

72

the ψ2pal region suggests that two PecS molecules may associate. Indeed, titration of ψ2pal
DNA with PecS under stoichiometric conditions shows that it binds two PecS molecules (Figure
3.5). Consistent with cooperative binding, protection of both sites occurs simultaneously (Figure
3.6A). Notably, protection of the overlapping palindromic sequence extends well into the coding
region of pecM. Considering that the centers of the overlapping palindromes are 15 bp apart, our
data suggest that two PecS dimers bind on the opposite faces of the DNA duplex. The two
protected regions are ~10 bp apart and show a cleavage enhancement, suggesting altered DNA
conformation.
PecS Responds to Urate
DNA binding by HucR is attenuated by urate, and to a lesser extent by its immediate
precursor in the purine degradation pathway, xanthine. In contrast, no effect on DNA binding
was observed on addition of hypoxanthine or allantoin [40]. Complexes of PecS and pecO were
therefore challenged with increasing concentrations of urate, xanthine, hypoxanthine or salicylate,
the latter a compound seen to attenuate DNA binding by several MarR homologs (Figure 3.7A).
Urate and xanthine attenuate DNA binding with an IC50 of 3.1 ± 0.3 mM and 2.3 ± 0.1 mM
respectively, while hypoxanthine did not effect complex formation. At lower concentrations,
PecS-pecO complex formation is significantly reduced, followed by a more gradual reduction
with <20% complex remaining at 30 mM urate. In contrast, incubation with xanthine reaches a
plateau of ~50% complex at 12 mM xanthine, beyond which no further PecS-pecO complex
dissociation is seen, resulting in a lower IC50 for xanthine compared to urate (Figure 3.7B).
Salicylate also shows a concentration dependent effect on DNA binding with an IC50 of 7.3 ± 0.5
mM.
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Figure 3.6. DNase I footprint analysis of PecS-pecO interaction. A. Forward and reverse strands
are annotated with respect to coding strand of PecM. First lane of each subset has the undigested
DNA control (F), followed by A/G chemical sequencing ladder. Increasing amounts of PecS was
incubated with 32P-labelled forward or reverse strands followed by DNase I digestion. B. Better
resolved upper protected area (ψ2pal, forward strand at the left; pal, reverse strand at the right).
C. Densitometric trace of DNase I digest of unbound (gray) and 2 µM PecS bound (black)
forward-strand-labelled pecO. Protected areas are separated by ~10 bp and a cleavage
enhancement is visible between the two protected areas; perfect palindromic sequence (pal) and
pseudopalindromic sequences (ψ2pal). D. Illustration of the intergenic sequence between pecS
and pecM. Start codons of the divergently oriented two genes are marked with arrows pointing in
the direction of transcription. Solid lines mark the palindromic sequences in pal and ψ2pal
regions while the DNase I protected areas are in bold face.
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Figure 3.7. A. PecS-pecO complexes (C) challenged with increasing concentrations of urate,
xanthine, hypoxanthine or salicylate. First lane of each gel along with corresponding parallel
bands contains free probe (F). Note that assays are performed at high ionic strength, necessitated
to maintain the pH on addition of ligands dissolved in sodium hydroxide, and that the affinity of
ligands is reduced at such high ionic strength. B. Normalised PecS-pecO complex formation as a
function of increasing ligand concentration. Error bars represent the S.D. of three independent
experiments. C. PecS response to urate, xanthine and hypoxanthine. Change in intrinsic
fluorescence at 330 nm was measured with an excitation of 295 nm after addition of increasing
concentrations of each ligand. Plot indicates the fluorescence quenching at 330 nm as a function
of ligand concentration.
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PecS contains a single Trp residue located in the predicted urate binding site. As seen
with HucR, the micro-environment of this residue changes upon binding of specific ligands,
manifested as a concentration dependent fluorescence-quenching. Analysis of fluorescence
quenching as a function of ligand concentration reveals that urate and xanthine bind PecS with
comparable affinities. Urate binds with Kd = 8.5 ± 2.3 µM and negative cooperativity (nH = 0.7 ±
0.2), whereas xanthine having a comparable Kd of 9.1 ± 1.5 µM does not show cooperativity (nH
= 0.9 ± 0.2) (Figure 3.7C). Taken together, these data show that urate is a ligand for PecS, and
that urate attenuates DNA binding in vitro.
To assess whether the conserved residues in the predicted ligand binding pocket as well
as the arginine that is proposed to anchor the recognition helix to the scaffold helix α3 of the
DNA binding domain indeed function in urate-mediated attenuation of DNA binding, these
residues were mutated; R95 of the recognition helix is predicted to anchor the recognition helix
via a salt bridge to D62 of α3, while W18 and R69 are predicted to contact urate directly.
Replacing D62 with S and R69 with S significantly lowers the responsiveness of the PecS
variant to urate, indicating that these residues are important for binding of urate and relaying
occupancy of the binding pocket to the recognition helix (Figure 3.8AB); while DNA binding by
PecS-R69S is unaltered on addition of urate, DNA binding by PecS-D62S is very modestly
attenuated in the presence of urate. Further, mutation of R69 to S does not cause a significant
change in DNA binding affinity of PecS with an apparent dissociation constant of 0.8 ± 0.1 nM.
Although, the mutation of D62 to S significantly lowers the binding affinity of PecS to its
cognate DNA (Kd = 3.0 ± 0.2 nM). PecS-W18F could not be analyzed as the mutation of W18 to
F caused the protein to aggregate and bind DNA non-sequence-specifically, showing that this
Trp residue is important for the proper folding of PecS. As shown for HucR, R95 was found to
be vital for the proper arrangement of the recognition helix; when R95 was mutated to N, PecS
lost both binding affinity and specificity (Figure 3.8C).
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Figure 3.8. DNA binding by PecS mutants. A. Effect of urate on complex formation between
PecS, PecS-D62S, and PecS-R69S assayed by electrophoretic mobility shift assay. The first lane
in each panel contains free DNA (F). B. Normalised PecS-pecO complex formation as a function
of increasing ligand concentration. Error bars represent the S.D. of three independent
experiments. C. DNA binding affinity and specificity of PecS mutant R95N. The first lane
contains free DNA (F). Increasing concentrations of non-specific DNA (pLexLacZ) are included
as indicated.

77

Mid log phase cultures of A. tumefaciens were exposed to urate and hydrogen peroxide to
evaluate their effect on the transcription of pecS and pecM genes in vivo. As evidenced by
quantitative RT-PCR analysis, upon addition of urate, pecS and pecM transcript levels were
elevated by 17.0 ± 2.8 and 15.0 ± 1.7 fold, respectively, while subjecting the cells to oxidative
stress did not have a significant effect on transcript levels (0.5 ± 0.2 and 0.6 ± 0.1) (Figure 3.9).
This indicates that urate functions as a ligand for PecS in vivo causing de-repression of both pecS
and pecM. That oxidative stress does not result in elevated transcript levels suggests that urate is
not produced in response to such challenge.

Figure 3.9. Relative abundance of transcript levels of pecS and pecM genes after addition of 10
mM urate and 250 µM H2O2. mRNA levels were measured with qRT-PCR and the relative
abundance was calculated by comparative CT method with reference to transcript level of control
group. The error bars represent the S.D. of three experiments.
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Discussion
Upon sensing a bacterial invasion, plants upregulate an array of defense mechanisms of
which an oxidative burst is among the early responses [1, 3]. A primary source of generating
oxidative radicals is xanthine oxidase, which also produces the antioxidant urate as a product [17,
46]. We show here that urate causes significantly elevated expression of pecS and pecM genes in
vivo and that urate mediates this effect by binding the transcriptional regulator PecS.
While PecS has been shown to be a critical regulator of infectivity and disease
progression in Erwinia, a natural ligand for PecS has never been identified. Analysis of
annotated PecS homologs reveals that all residues involved in urate-binding to HucR are
conserved. Further, co-segregation of HucR with PecS in evolutionary tree analysis (Figure 3.1B)
is consistent with these proteins sharing a conserved mechanism of regulation that has evolved
around specific effector molecules.
PecS Binds Multiple Sites Within pecS-pecM Region
Generally, MarR homologs bind inverted repeat sequences of 16 – 18 bp, and such
sequences can be degenerate as shown with SELEX-isolated sequences binding E. chrysanthemi
PecS [16]. PecS from A. tumefaciens protects two separate regions ~10 bp apart. The protected
region towards pecS consists of a single palindromic sequence, while protection extending into
the coding region of pecM has two overlapping pseudo palindromic sequences (ψ2pal). Since the
centers of the overlapping pseudo-palindromes are out of phase with the helical repeat, our data
suggest that two PecS dimers bind on opposite faces of the double helix. As binding to the ψ2pal
site appears more stable, as reflected in complexes being stable to electrophoresis, we speculate
that this binding mode has evolved to ensure more stringent control of pecM expression. In vivo,
such differential expression might be manifest under conditions of limiting urate concentrations.
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Urate Is a Ligand for PecS
That urate effects attenuated DNA binding by PecS and HucR by a similar mechanism is
corroborated by their comparable ligand specificities. Both urate and xanthine cause a
concentration dependent disruption of PecS-DNA complex while hypoxanthine does not;
attenuated DNA binding was previously inferred to require repulsion of conserved D73 by N3deprotonated ligand (a charge not present in hypoxanthine). Mutational analysis confirms that
the residues proposed to be involved in urate-mediated attenuation of DNA binding by HucR
also play a vital role for the PecS response to ligands. While we were unable to analyze the
W18F mutant due to its aggregation, the altered properties do indicate that W18 is necessary for
proper folding of PecS. Notably, the R69S substitution abolishes the response to urate, consistent
with the central prediction that R69 is important for urate binding. That binding of a negatively
charged ligand is required for attenuated DNA binding is evidenced by the inability of
hypoxanthine to affect DNA binding, and the inference that charge repulsion is required to bring
about a conformational change in the DNA recognition helix is confirmed by the observation that
a D62S mutation in PecS severely attenuates the response to urate. The residual response to urate
by the PecS-D62S mutant suggests that occupancy of the binding pocket may impose minor
conformational changes that translate into modestly attenuated DNA binding, even in absence of
the predicted salt bridge between D62 of the scaffold helix and R95 of the recognition helix.
Substitution of R95 results in weak and non-specific association with pecO. DNA
binding by PecS appears to be more adversely affected by mutation of this residue compared to
HucR; molecular modeling indicates that R95 forms the predicted salt bridge with D62,
suggesting that this contact is important for anchoring the recognition helix to the scaffold helix
α3. This is consistent with the lowered DNA binding affinity of PecS-D62S which would alter
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the predicted salt bridge contact with R95. However, other contacts to residues of the recognition
helix that are seen in the HucR structure may not occur in PecS; for example, a hydrophobic
contact between L110 of the recognition helix and L74 of the scaffold helix in HucR may not be
as favorable in PecS, which has valine in place of leucine at this position of α3 (Figure 3.1).
Taken together, our data indicate that the residues seen to be required for ligand-mediated
attenuation of DNA binding in HucR serve equivalent functions in PecS. Furthermore, as for
HucR, PecS binds urate with negative cooperativity, while binding of xanthine shows no
cooperativity. This further corroborates the inference that the mechanism by which urate causes
attenuated DNA binding is conserved.
Uric acid is produced by xanthine oxidase during the oxidative burst in plants, triggered
by invading pathogens [47, 48]. Since uric acid is a potent antioxidant, plants may benefit from
this to prevent extended tissue necrosis, while the invading bacteria may exploit it to upregulate
its own defense mechanisms. The observed upregulation of pecS and pecM genes by ~15 fold
can be attributed to the urate-induced disruption of PecS-pecO interaction. Consistent with more
stable association of PecS at ψ2pal, which extends into the coding sequence of PecM, an
association perhaps stabilized by protein-protein contacts, PecM levels may require tight
regulation as it may not be highly selective for the small molecules it exports. Through
transcriptomic analysis, Hommais et al. have shown that pecM levels increase by ~9 fold and
that indigoidine biosynthesis genes are also upregulated upon deletion of pecS in E.
chrysanthemi, indicating that PecS is directly involved in repressing these genes [11].
Expression of pecS or pecM genes are not induced upon oxidative stress (Figure 3.9). It
has been previously reported that the ∆pecS strain of E. chrysanthemi is less susceptible to
oxidative stress (consistent with PecS repressing biosynthesis of the antioxidant indigoidine), and
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that subjecting the wild type strain to oxidative stress upregulates indigoidine biosynthesis genes
by about four-fold [8, 11]. However, this upregulation may have resulted from the low growthrate phenotype under oxidative stress, and direct regulation of pecS/pecM expression under these
circumstances was not reported.
Salicylic acid was also able to attenuate DNA binding of PecS. Although salicylate
affects DNA binding by many MarR homologs, including HucR, a physiological relevance for
such phenomenon was not characterized. Salicylate is a known phytoalexin and more
interestingly, it is investigated as an endogenous signaling molecule upregulating the genes
involved in systemic acquired resistance in plants [49-51]. In the context of A. tumefaciens, PecS
response to salicylate may also signal the pathogen to upregulate its defense mechanisms during
invasion.
In conclusion, our results show that urate is an efficient natural ligand for PecS,
attenuating binding of PecS to its operator DNA in vitro. Further, exogenous urate causes
upregulation of both pecS and pecM genes, suggesting it is an efficient effector in vivo. Taken
together, our results identify the previously elusive ligand for an important transcriptional
regulator involved in controlling plant host colonization, and they suggest that urate plays a
novel role in signaling such colonization.
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CHAPTER 4
A NOVEL SUBFAMILY OF MarR HOMOLOGS RESPONSIVE TO URATE
Introduction
Invading bacteria trigger an array of defense mechanisms in their hosts. One of the early
defenses is to produce oxidative radicals. There are a number of enzymatic pathways involved in
production of such oxidative free radicals, with NADPH-oxidase and xanthine oxidase activity
among the best characterized [1-3]. The latter enzyme, xanthine oxidase, participates in purine
degradation where it catalyzes the conversion of xanthine to hypoxanthine and hypoxanthine to
urate, both reactions associated with the production of reactive oxygen species. While the
byproducts, oxidative radicals, are used for defense purposes, the main product, urate, is a potent
antioxidant that may protect the surrounding cells from harmful effects of oxidative free radicals.
In Deinococcus radiodurans, which is particularly adept at resisting environmental stress,
including that produced by reactive oxygen species, urate may indeed serve a primary role as an
antioxidant [4]. Previous work has shown that cellular concentrations of urate are intricately
regulated by a transcriptional regulator, HucR, which belongs to the multiple antibiotic resistance
regulator (MarR) family [5]. MarR homologs are winged helix transcriptional regulators that
often function as repressors; transcriptional regulation may be achieved by binding a specific
ligand, which causes the transcription factor to dissociate from its cognate sites, relieving the
repression [6]. Typically, MarR homologs are auto-regulatory in that a cognate site is frequently
found in the intergenic region between genes encoding the MarR homolog and a divergently
oriented gene. For D. radiodurans HucR, its cognate site is in the shared promoter region
between genes encoding HucR and a uricase [5, 7]. The natural ligand of HucR is urate, the
substrate for uricase, and binding of urate attenuates HucR binding to the promoter region
allowing the transcription of both uricase and hucR genes.
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Molecular dynamics simulations suggest that urate binds to two symmetrically disposed
sites in the HucR dimer and predicts the residues required for urate binding (Figure 4.1) [8, 9].
These data, supported by biochemical probing, suggest a model for attenuation of DNA binding
upon the interaction with urate, in which the N3-deprotonated urate may anchor in the binding
pocket in the correct orientation by association with W20 and R90 while repelling D73 [9]. As
R106 is critical for proper orientation of the DNA recognition helix, in part through a salt bridge
between D73 and R106, urate-mediated displacement of D73 causes a conformational change in
the recognition helix, resulting an attenuated DNA binding. Considering the structural homology
between MarR homologs, conservation of the four residues shown to be essential for uratebinding to HucR and for communicating occupancy of the ligand-binding pocket to the DNA
recognition helices may predict that urate is a ligand for that particular homolog. This prediction
was indeed borne out by the demonstration that Agrobacterium tumefaciens (Rhizobium
radiobacter) encodes a MarR homolog, annotated as PecS, which responds to urate by attenuated

Figure 4.1. Structure of urate docked HucR. The two monomers are in green and blue and the
DNA binding helices are in cartoon representation. The residues identified to be important for
ligand binding and attenuated binding to DNA are colored red. Urate is in a mesh rendering.
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DNA binding in vitro and transcriptional regulation in vivo [10]. In A. tumefaciens and other
species that encode a MarR homolog annotated as PecS, the transcription factor is not predicted
to regulate intracellular levels of urate, but to regulate expression of an efflux pump as well as
other genes involved in host infection. Here we report that a specific subset of MarR homologs
exists that conserves these residues and that are predicted to regulate a membrane transporter, as
evidenced by conserved cis-regulatory elements in the promoter regions. Based on the predicted
conservation of function, we propose the designation UrtR, for urate responsive transcriptional
regulators, as a distinct subfamily of MarR homologs, with D. radiodurans HucR and A.
tumefaciens PecS as founding members.
Experimental Procedures
Blast search was performed using D. dadantii (E. chrysanthemi) encoded PecS (Uniprot
ID: P42195) as the search query. Non redundant protein sequences above 40% sequence identity
were retrieved from Uniprot and NCBI servers and manually filtered to remove genes from
multiple variants of a single species and from species not identified beyond their genera.
Retrieved sequences were aligned using MUSCLE sequence alignment server [11]. The D.
radiodurans encoded HucR sequence was included in the alignment to trace secondary structure
elements. A number of E. coli MarR homologs were also included to illustrate the absence of
identical residues and the N-terminal extension seen in other UrtR homologs. Residues were
shaded

according

to

their

identity

and

similarity

using

BOXSHADE

v3.21

at

http://www.ch.embnet.org.
The evolutionary history was inferred by Neighbor-Joining method using pre-aligned
sequences with MEGA4 where the evolutionary distances were computed using the poisson
correction method and are in the units of the number of amino acid substitutions per site [12-14].
The bootstrap consensus tree was inferred from 500 replicates and the tree is drawn to scale [15].
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Based on the results of previous findings, 60 random UrtR operator regions were analyzed in
order to find probable dyadic sequences to which UrtR may bind. Identified 18 bp palindromic
sequences were used to generate the sequence logo where the frequency of each nucleotide at a
particular position is represented by the height of corresponding symbol [16]. Calculated
nucleotide frequencies at each position were used to create a weight matrix to find probable
alternate binding sites in several genomes through genomic-scale patser [17]. Lower threshold
estimation was raised to 9 while the genomic GC content (D. dadantii = 55% and A. tumefaciens
= 59%) was considered in calculating the weight matrix.
Results and Discussion
To examine the frequency of occurrence of MarR homologs that conserve all four
residues shown to bind urate and to confer attenuated DNA binding by D. radiodurans HucR and
A. tumefaciens PecS, we used the Dickeya dadantii (Erwinia chrysanthemi) PecS protein
sequence to search for homologs that conserve these residues. Physiological and cellular
functions of D. dadantii-encoded PecS have been extensively characterized; for example PecS
was shown to function as a repressor of the efflux pump PecM, encoded divergently from the
gene encoding PecS, and the indigoidine biosynthesis operon, IndABC [18-21]. Production of
the antioxidant indigoidine and its export through PecM was shown to be important for host
infection [22, 23]. Recently a genome-wide description of the PecS regulon was achieved by a
comparative microarray analysis of WT and ∆pecS strains of D. dadantii, further establishing the
key role of PecS in regulating genes associated with infectivity [24].
Sequence Alignment Predicts Existence of MarR Sub Family
Among the ~1000 sequences retrieved from a BLAST search through the NCBI data-base
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), 340 homologs conserve these four residues. The
sequences were aligned to identify the significant features that characterize an UrtR at the amino
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acid level. As observed in the sequence alignment (Figure 4.2 and a more comprehensive list in
Appendix A1), a salient feature of UrtR homologs is the presence of an N-terminal extension,
which harbors one of the critical amino acids of the urate binding pocket, tryptophan. This
extension is absent from E. coli MarR and its homologs. Further, helix-3 has high sequence
identity among UrtR homologs. Helix-3 forms the bottom of the ligand binding pocket; in HucR,
in addition to D73 and R80, T77 was predicted to hydrogen bond with urate through a backbone
nitrogen atom. Amino acids in the DNA recognition helix (α5) also show sequence similarity,
particularly in the mid region of the helix. The arginine that anchors the binding helix in proper
orientation (R106 in HucR) is conserved in all UrtR homologs, while the degeneracy at the ends
of the binding helix and in the wing region may contribute to the individual sequence preference
of UrtR homologs. Given the high sequence identity, it is clear that the UrtR homologs cluster
together in a phylogenetic tree suggesting that they constitute an evolutionarily conserved group
of proteins (Figure 4.3).
UrtR Homologs Prevalent Among Species Associating with a Living Host
Notably, a majority of the microorganisms encoding an UrtR homolog are known to
associate with a living host. The identified homologs were found in a number of symbionts or
pathogens of plants and animals, including a few human pathogens. UrtRs are found in plantassociated bacteria that may be either pathogenic, for example Erwinia sp., or symbiotic, for
example Rhizobium sp. that generate nitrogen-fixing root nodules. Among plant-associated
bacteria, Burkholderia sp. are featured prominently; this genus includes both species that induce
disease (e.g., B. cepacia that causes onion rot) as well as species with the potential to be
beneficial (e.g., nitrogen fixing B. ambifaria). The human pathogens, Vibrio parahaemolyticus
and V. vulnificus, were found to encode an UrtR while V. cholerae does not. This may correlate
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Figure 4.2. Economically important pathogenic or symbiotic bacteria that encode an UrtR.
Residues involved in urate binding and eliciting the conformational changes are highlighted in
red and by asterisk above. E. coli MarR and S. typhimurium SlyA do not conserve these residues
and do not contain α1, which harbors the vital tryptophan residue. Secondary structure elements
are with reference to HucR (Q9RV71). Sequences are truncated at the C-termini to generate
figure.
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Figure 4.3. Evolutionary relationships of UrtR and other MarR homologs. All UrtR homologs
cluster under a single sub-tree while Blue sub-tree represents the selected MarR homologs. Tree
was rooted using E. coli GntR as an out group. Uniprot identification numbers of the proteins are
followed by a short description at the termini of each branch. Prototypical UrtR homologs, D.
radiodurans HucR and A. tumefaciens PecS are highlighted in red.
with the ability of V. parahaemolyticus and V. vulnificus to colonize marine bivalves that
respond to the invading microorganisms by a coordinated response that includes a respiratory
burst [25-27]. In contrast, the natural habitat of V. cholerae is the aquatic environment. Bacteria
identified to be pathogenic to humans are medically important as many of them are opportunistic
pathogens and capable of causing fatalities. Xanthine oxidase activity has been reported to
contribute to the generation of oxidative free radicals in macrophages in response to infection [28,
29]. Bordetella pertussis, the causative agent of whooping cough, encodes an UrtR homolog.
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Further, B. mallei that causes glanders and the etiological agent of melioidosis, B. pseudomallei,
both

of which

are

classified

as

second

highest

priority agents

in

bioterrorism

(http://www.bt.cdc.gov), also encode UrtR homologs [30, 31]. Certain microorganisms, such as
the Burkholderia sp., harbor more than one UrtR homolog, which may have resulted from a gene
duplication event. There are a few homologs that lack the N-terminal extension, which would be
characteristic of UrtRs. These might be deletions that occurred during evolution or
misannotations in the databases; for example, B. ambifaria AMDD contains a characteristic UrtR
while B. ambifaria MC40-6 homolog BamMC406_1599 has an N-terminal truncation that
resulted from an insertion of an OrfB family transposase in the operator region.
Most UrtR homologs were found to be part of a genomic locus that includes a divergently
oriented gene. This mode of regulation is not unique to UrtR homologs as it is found in a number
of other MarR homologs. Binding of UrtR to the intergenic region would repress the
transcription of this gene while auto-regulating its own expression. The vast majority of genes
divergent from UrtR are annotated in sequence databases as membrane transporters related to
PecM, permeases of the drug/metabolite transporter (DMT) superfamily, major facilitator
superfamily MFS_1 homologs, or DUF6 (domain of unknown function 6), a domain found in
proteins annotated as PecM. As described in D. dadantii, PecM is an efflux pump which can aid
in the secretion of antioxidant species such as indigoidine to protect the pathogen from host
defenses. Notable exceptions include D. radiodurans HucR, which regulates a uricase, as
discussed above. No other UrtR homologs were found in an equivalent genomic locus (including
the closely related D. geothermalis) suggesting that regulation of urate homeostasis is unique to
D. radiodurans.
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Consensus UrtR Binding Sequence Used to Probe UrtR Regulon
A random selection of sequences upstream of UrtR homologs were analyzed for the
presence of dyadic binding sites similar to those identified for HucR and A. tumefaciens PecS. It
was found that many contain three dyadic sequences in the intergenic region to which UrtR may
preferentially bind. Of the three, a single binding site was found towards the urtR while tandem
(e.g. S. meliloti, S. medicae, E. carotovora) or overlapping sequences (e.g. A. marina, P.
mendocina, A. tumefaciens, R. etli) were found toward the divergently encoded gene. In some
instances, the two dyadic sequences extend into the coding region of the gene under regulation
(e.g. UrtR homologs in A. tumefaciens and B. ambifaria AMDD). Overlapping sites typically
share 3 bp; this arrangement of cognate sites would place the centers of each palindrome 15 bp
apart, predicting that two UrtR homologs bind on opposite faces of the DNA duplex (Figure 4.4).

Figure 4.4. Many UrtR homologs have multiple binding sites in the shared operator region.
Overlapping sites generally share 3 bp, resulting in two cognate sites on the opposite faces of the
duplex.
For tandem, non-overlapping sites, the separation is variable, but typically not less than 9 bp.
The sequences were aligned and the 18 bp dyadic sequences were used to generate a frequency
matrix (Appendix A2 and A3). Aligned sequences were also used to generate a consensus
sequence using WebLogo, the height of each base representing the relative frequency at each

95

position (Figure 4.5). Two separate consensus frequencies were calculated, one based on all
sequences and the other in which the more divergent binding site for HucR and overlapping
sequences were excluded. While the central bases of each half-site are highly conserved, the
sequence is asymmetrical, with greater conservation within the upstream half-site (towards urtR).
Inclusion of overlapping sites primarily results in reduced sequence preference within the
upstream (shared) bases. The conservation of the central bases (C4T5T6 and A13A14G15) is
consistent with the high sequence identity in the DNA recognition helix discussed above.

Figure 4.5. Consensus UrtR binding site generated with randomly selected intergenic sequences
from known UrtR regulatory regions. Top sequence was generated with 60 dyadic putative
binding-sequences while bottom panel represents the consensus sequence generated after
removing overlapping dyadic sequences. WebLogo represents the relative frequency of
nucleotides at corresponding positions.
Using the above described frequency matrix, a weight matrix was generated for D.
dadantii and A. tumefaciens considering their genomic GC content using genome scale Patser
[17]. The search resulted in 74 potential binding sites in D. dadantii and 81 in A. tumefaciens. As
expected, the position weight matrix identified both binding sites in the intergenic region
between the urtR (pecS) and pecM genes with the highest score. The search also identifies
cellulase (YP_002987500.1), which contributes to the soft-rot phenotype upon D. dadantii
infection of the host. Although dyadic sequences resembling the consensus sequence was not
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found upstream of pectate lyase genes, two genes that may be useful in utilizing the byproducts
of host tissue maceration were identified as potentially regulated by UrtR. Oligogalacturonatespecific porin (YP_002987550.1) imports pectin catabolites to be utilized as a carbon source and
was previously reported to be regulated by PecS in D. dadantii, while Mandelate racemase/
muconate lactonizing protein (YP_002988077.1) was identified as an enzyme involved in
catabolism of aromatic acids, which can be derived from the breakdown of lignin [32, 33].
Potential binding sites were also predicted upstream of a number of virulence related
genes, of which most are membrane-associated proteins such as YP_002987993.1 and CsgG.
Curli production has been reported in several bacterial pathogens where they aid in association
with a number of host cell surface proteins [34]. An UrtR binding site was identified upstream
of YP_002989586.1, which is annotated as Curli production assembly/transport component
CsgG [35]. Flagellar associated proteins have been described in organisms in their pathogenic
phases where they are required for the motility of the bacterium towards the host and for their
proper orientation. Patser search identified Flagellin chaperon FliS, which is vital for the proper
assembly of the flagellum and flagellar transcriptional activator flhC, as having potential UrtR
binding sites in their operator regions [36, 37]. Similarly, a search of the A. tumefaciens genome
with the above matrix finds two flagellar associated proteins, NP_531246.1 and flab [38].
Indigoidine biosynthesis genes were not identified under the lower threshold estimation of 9, but
further lowering of the threshold estimation did identify these genes, suggesting the UrtR binding
sequences can be highly degenerate, as previously reported for Erwinia PecS [39]. In both
organisms, a large number of transcriptional regulators were predicted to contain UrtR binding
sites. This result suggests that the control of gene expression through UrtR involves an even
higher level of complexity.
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Conclusions
Both in vivo gene expression studies and in vitro analyses of DNA binding have
documented that urate is a ligand for D. radiodurans-encoded HucR and A. tumefaciens PecS [5,
10]. What these two proteins have in common is the conservation of four residues shown to
contribute to ligand binding or to communicating occupancy of the ligand-binding pocket to the
DNA recognition helices. Our data indicate that a subset of MarR homologs exists that conserve
these amino acids. While HucR appears to be among a few outliers in terms of the gene(s) under
its regulation, A. tumefaciens PecS represents the majority of the identified transcription factors
in regulating a membrane transporter. Interestingly, UrtR homologs were found in species
associating with living hosts of which many are medically and economically important as
causative agents of diseases in crops, livestock and humans. This is consistent with the notion the
UrtR responds to urate produced by a host organism.
UrtR homologs are commonly found to be divergently encoded from a membrane
transporter gene. Some of these are annotated as PecM, which is characterized in E.
chrysanthemi as an efflux pump that secretes the antioxidant indigoidine, important for
protecting the pathogen from host defenses. Many operator sequences between urtR and the
divergent gene have multiple UrtR binding sites with the tandem or overlapping sites invariably
near the gene encoding the transporter, which may result in differential gene expression in
response to urate. Searching through the E. chrysanthemi and A. tumefaciens genome sequences
suggests that there are a number of virulence-related genes with potential UrtR binding sites in
their operator sequences. Taken together these findings suggest the existence of a novel
subfamily of MarR homologs responsive to urate and we propose to categorize them as urate
responsive transcriptional regulators, UrtR.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
Bacteria and archaea respond to environmental stressors through intricate mechanisms.
MarR (Multiple antibiotic resistance regulator) family proteins are among the most widely
studied transcriptional regulators that modulate gene expression in response to environmental
stressors such as oxidative stress and chemical compounds. Understanding the molecular
mechanisms of their DNA binding and response to external stimuli by attenuated binding of
DNA has garnered scientific attention as it provides insight to the microbe’s interaction with the
environment. The study of MarR homologs is further important as the phenotypic manifestations
of MarR regulation is responsible for virulence in pathogenic bacteria.
Characterizing the natural ligands is important for MarR homologs as biochemical and
genetic studies show a vast variety of metabolic and response pathways being regulated by MarR
family transcriptional regulators. Natural ligands for MarR homologs are often elusive as the
proteins may show low affinity towards them or a given homolog may respond to a number of
different ligands. Transcribed divergent of a uricase gene, the MarR homolog HucR binds uric
acid as natural ligand. It was found that uric acid associates with HucR at an observed
dissociation constant of 16 µM and that it causes attenuated DNA binding.
The work presented in the first chapter describes the ligand specificity of D. radiodurans
encoded HucR. DNA binding by HucR is most efficiently attenuated by N3-deprotonated
purines such as urate and xanthine. Further, an in silico blind docking experiment was carried out
to identify the urate binding pocket in HucR. A symmetrical binding pocket was identified in
each monomer, above the globular binding domain, where the residues in close proximity were
mapped and a mechanism for attenuation of DNA binding upon the interaction with urate was
proposed. The success of this approach suggests that blind docking molecular dynamics
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simulations may be further extended to identify possible ligands for other MarR homologs
through virtual screening of small molecule libraries. A cocrystallization of HucR with urate
would provide more insights to this mechanism. Cocrystal structure of MTH313-salicylate shows
asymmetric filling of identical binding sites but since urate binding to HucR shows negative
cooperativity, a cocrystal structure would provide information on what changes occur in the
binding site of one subunit when urate binds to the other. Further the negative cooperativity
between the two identical binding sites was proposed to initiate through the interaction of urate
with residues in dimerization helix. A mutational analysis would help in supporting this
hypothesis.
BLAST search with PecS and alignment of sequences show that the amino acids
proposed to partake in the mechanism of derepression are conserved in a subset of MarR
homologs encoded by bacteria associated with living hosts. Further, a virtual structure of PecS
could be easily built with the crystal coordinates of HucR as a template with negligible steric
clashes in which the identified residues important for ligand response were modeled in identical
coordinates to that of HucR. These findings suggest that these homologs may respond to urate
and that the mechanism of derepression upon binding of urate may also be shared. To further
investigate this phenomenon, the MarR homolog PecS from A. tumefaciens, which conserves
these residues, was characterized. PecS binds to the intergenic region between pecS and pecM
genes at three palindromic sequences with high affinity. PecS binds to a single site towards pecS
gene while 10 bp towards the pecM gene it binds as two dimers on opposite faces of DNA. It is
interesting to investigate whether this binding mode could differentially regulate the two
divergent genes. Similar to HucR, PecS indeed responds to urate and xanthine suggesting that
PecS may share the proposed mechanism of derepression with HucR. As homology modeling
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provides only a proposed model of PecS, a native and a urate bound crystal structure would be
helpful to shed light on the proposed mechanism.
Thorough analysis of the operator sequences of homologs of D. dadantii PecS, guided by
previous findings, show palindromic signatures present in the sequence to which PecS may bind
as a dimer. Interestingly, when a gene annotated as pecM or DUF6 is transcribed divergent of
pecS, three binding sites were identified similar to what was observed in A. tumefaciens PecS.
This binding mode may present a differential gene expression between pecS and pecM / DUF6.
PecS was found to be non-responsive to direct oxidative stress. But upon infection of plant tissue
it was found to be upregulated along with the divergently oriented pecM supporting the proposed
biological relevance of a PecS response to urate produced as a byproduct of the oxidative burst.
To clarify this matter, a transgenic plant model with transient inactivation of xanthine oxidase
under infective conditions would be insightful.
The urate responsive MarR family transcriptional regulators described in this dissertation
suggest a novel pathway of response to oxidative stress elicited by a host upon bacterial invasion.
Urate not only is the natural ligand for the described sub-family of MarR homologs, but it may
also serve an important role in signaling successful bacterial infection leading to upregulation of
genes involved in infectivity and host colonization.
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APPENDIX A
SUPPORTING INFORMATION FOR CHAPTER 4
A1. Comprehensive list of aligned sequences homologous to D. dadantii PecS. Sequences were
manually curated to eliminate duplicated sequences in a single organism as well as sequences
from organisms that have not been identified to their species level. Residues that are
characteristically conserved in UrtR homologs are denoted by a red inverted triangle.
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A2. Upstream of coding regions were scanned with the following alignment matrix in the
genome of Dickeya dadantii (Erwinia chrysanthemi) using genome-scale patser (http://
rsat.ulb.ac.be/rsat/genome-scale-patser_form.cgi) with pseudo counts = 1 and lower threshold
estimation = 9. Genomic GC content (55%) was considered in creating the weight matrix.
Width of the alignment matrix: 18
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alpha-acetolactate decarboxylase

YP_002989274.1 D

271
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hypothetical protein
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hypothetical protein
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extracellular solute-binding protein family 1
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subunit
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hypothetical protein
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transcriptional regulator, IclR family
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signal transduction histidine kinase regulating
citrate/malate metabolism
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Citrate carrier protein
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periplasmic binding protein
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flagellar transcriptional activator FlhC
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two component transcriptional regulator, winged
helix family
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tol-pal system protein YbgF
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MltA domain protein
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hypothetical protein
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undecaprenol kinase
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YP_002988628.1 R
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YP_002988531.1 R

109

126 9.01

-11.92

protein serine/threonine phosphatase
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hypothetical protein
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diguanylate cyclase/phosphodiesterase with PAS/PAC
sensor(s)

110

A3. Upstream of coding regions were scanned with the following alignment matrix in genome of
Agrobacterium tumefaciens using genome-scale patser (http://rsat.ulb.ac.be/rsat/genome-scalepatser_form.cgi) with pseudo counts = 1 and lower threshold estimation = 9. Genomic GC
content (59%) was considered in creating the weight matrix.
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transcriptional regulator, MarR family
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hypothetical protein
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-14.37

hypothetical protein

NP_532829.1

D

328

345

11.93

-14.37

methionine synthase

NP_535422.1

R

116

133

11.82

-14.28

hypothetical protein

NP_535421.1

D

312

329

11.82

-14.28

hypothetical protein

NP_531063.1

D

247

264

11.70

-14.19

phosphate starvation inducible protein

NP_533325.1

R

325

342

11.65

-14.14

hypothetical protein

NP_533324.1

D

167

184

11.65

-14.14

MFS permease

NP_534222.1

D

282

299

11.60

-14.10

hypothetical protein

NP_534221.1

R

371

388

11.60

-14.10

hypothetical protein

NP_530978.1

D

296

313

11.45

-13.98

transcriptional regulator, MarR family

NP_532449.1

D

140

157

11.21

-13.79

hypothetical protein

NP_532448.1

R

367

384

11.21

-13.79

transcriptional regulator, LysR family
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NP_533508.1

D

312

329

11.20

-13.78

hypothetical protein

NP_533507.1

R

380

397

11.20

-13.78

hypothetical protein

NP_533506.1

R

106

123

11.20

-13.78

hypothetical protein

NP_533673.1

D

200

217

11.19

-13.77

ABC transporter, membrane spanning protein
[sugar]

NP_533325.1

D

325

342

11.08

-13.69

hypothetical protein

NP_533324.1

R

167

184

11.08

-13.69

MFS permease

NP_534694.1

D

372

389

11.06

-13.67

3-oxoacyl-(acyl carrier protein) synthase

NP_531147.1

R

163

180

11.04

-13.65

hypothetical protein

NP_531068.1

R

303

320

10.90

-13.54

S-adenosylmethionine synthetase

NP_535344.1

R

367

384

10.87

-13.52

hypothetical protein

NP_533385.1

R

114

131

10.84

-13.50

monofunctional biosynthetic peptidoglycan
transglycosylase

NP_531513.1

D

10

27

10.81

-13.48

hypothetical protein

NP_531512.1

R

7

24

10.81

-13.48

hypothetical protein

NP_533652.1

R

147

164

10.72

-13.40

transcriptional regulator, AraC family

NP_532994.1

D

249

266

10.72

-13.41

D-alanyl-D-alanine carboxypeptidase
(penicillin binding protein)

NP_532993.1

R

370

387

10.72

-13.41

transcriptional regulator, TetR family

NP_531890.1

R

374

391

10.49

-13.23

heavy-metal transporting P-type ATPase

NP_534162.1

D

303

320

10.43

-13.19

hypothetical protein

NP_534161.1

R

220

237

10.43

-13.19

short-chain dehydrogenase

NP_530793.1

R

373

390

10.33

-13.11

30S ribosomal protein S15

NP_533974.1

R

352

369

10.30

-13.09

acyl-CoA dehydrogenase

NP_535224.1

R

21

38

10.26

-13.06

ABC transporter, membrane spanning protein
[sugar]

NP_530958.1

D

367

384

10.23

-13.03

hypothetical protein

NP_532798.1

D

363

380

10.18

-13.00

transcriptional regulator, ArsR family

NP_533205.1

D

154

171

10.16

-12.98

outer membrane protein

NP_534934.1

R

262

279

10.10

-12.94

hypothetical protein

NP_534932.1

D

227

244

10.10

-12.94

transcriptional regulator, RpiR family

NP_532648.1

D

37

54

10.08

-12.92

hypothetical protein

NP_535015.1

R

162

179

10.04

-12.89

ABC transporter, membrane spanning protein
[amino acid]

NP_534694.1

R

372

389

9.99

-12.85

3-oxoacyl-(acyl carrier protein) synthase

NP_531512.1

R

192

209

9.91

-12.79

hypothetical protein

NP_531240.1

R

344

361

9.91

-12.80

hypothetical protein

NP_533508.1

R

312

329

9.87

-12.76

hypothetical protein

NP_533507.1

D

380

397

9.87

-12.76

hypothetical protein

NP_533506.1

D

106

123

9.87

-12.76

hypothetical protein

NP_532321.1

R

78

95

9.84

-12.74

hypothetical protein

NP_531890.1

D

369

386

9.79

-12.70

heavy-metal transporting P-type ATPase

NP_535367.1

R

123

140

9.76

-12.68

hypothetical protein

NP_532766.1

D

350

367

9.75

-12.67

GGDEF family protein

NP_532978.1

R

221

238

9.68

-12.63

MFS permease

NP_532252.1

D

175

192

9.68

-12.63

hypothetical protein
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NP_532212.1

R

99

116

9.66

-12.61

beta-mannosidase precursor

NP_532211.1

D

149

166

9.66

-12.61

transcriptional regulator, LacI family

NP_533195.1

D

283

300

9.63

-12.59

hypothetical protein

NP_533365.1

R

314

331

9.60

-12.57

16S rRNA-processing protein

NP_534797.1

R

122

139

9.59

-12.56

transcriptional regulator, AraC family

NP_530963.1

D

357

374

9.59

-12.56

hypothetical protein

NP_536250.1

R

327

344

9.53

-12.52

methyl-accepting chemotaxis protein

NP_533171.1

D

215

232

9.53

-12.51

hypothetical protein

NP_535055.1

D

287

304

9.49

-12.49

ABC transporter, substrate binding protein

NP_535054.1

R

214

231

9.49

-12.49

transcriptional regulator, ROK family

NP_534242.1

R

321

338

9.47

-12.47

extragenic suppressor protein SuhB

NP_532039.1

R

12

29

9.47

-12.47

hypothetical protein

NP_535613.1

R

223

240

9.46

-12.47

alcohol dehydrogenase

NP_531794.1

D

294

311

9.46

-12.47

3-oxoacyl-(acyl carrier protein) synthase

NP_534222.1

R

282

299

9.45

-12.46

hypothetical protein

NP_534221.1

D

371

388

9.45

-12.46

hypothetical protein

NP_532685.1

D

197

214

9.42

-12.43

hypothetical protein

NP_535512.1

R

342

359

9.40

-12.42

alcohol dehydrogenase

NP_533995.1

D

221

238

9.39

-12.41

aldehyde dehydrogenase

NP_531551.1

D

260

277

9.39

-12.41

hypothetical protein

NP_531550.1

R

375

392

9.39

-12.41

transcriptional regulator, MarR family

NP_536130.1

R

370

387

9.37

-12.40

isopentenyl transferase

NP_531413.1

R

203

220

9.32

-12.37

ATP synthase, subunit I

NP_534100.1

R

353

370

9.30

-12.35

hypoxanthine-guanine
phosphoribosyltransferase

NP_533037.1

R

6

23

9.30

-12.35

ABC transporter, substrate binding protein
[amino acid]

NP_532212.1

D

99

116

9.26

-12.32

beta-mannosidase precursor

NP_532211.1

R

149

166

9.26

-12.32

transcriptional regulator, LacI family

NP_532830.1

D

265

282

9.21

-12.29

hypothetical protein

NP_532829.1

R

328

345

9.21

-12.29

methionine synthase

NP_531551.1

R

260

277

9.21

-12.29

hypothetical protein

NP_531550.1

D

375

392

9.21

-12.29

transcriptional regulator, MarR family

NP_532705.1

R

256

273

9.20

-12.28

hypothetical protein

NP_533239.1

R

5

22

9.18

-12.27

hypothetical protein

NP_531246.1

R

149

166

9.17

-12.26

flagella associated protein

NP_531414.1

D

348

365

9.15

-12.25

ATP synthase subunit A

NP_533673.1

R

200

217

9.13

-12.23

ABC transporter, membrane spanning protein
[sugar]

NP_531274.1

D

220

237

9.13

-12.23

transcriptional regulator

NP_531026.1

R

66

83

9.05

-12.18

ubiquinone/menaquinone biosynthesis
methyltransferase

NP_531244.1

R

157

174

9.03

-12.16

flaB

NP_534100.1

D

353

370

9.02

-12.15

hypoxanthine-guanine
phosphoribosyltransferase

NP_532182.1

D

290

307

9.01

-12.15

transcriptional regulator, ArsR family
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